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PREFACE 


PPIIS book has been written to meet the requirements of 
students who wish to obtain an accurate and comprehensive 
knowledge of Geometrical and Physical Optics. In many 
instances results of recent researches are described, in 
connection with important laws which they elucidate. The 
mathematical investigations have, in all cases, been rendered as 
simple as possible, and have been developed so as to direct 
attention to the physical aspect of the subject. No knowledge 
of the Calculus is assumed on the part of the student. A 
number of illustrative experiments which may readily be 
performed are fully described, and numerous questions, mostly 
selected from public examination papers, are appended. 

The first ten chapters are devoted to Geometrical Optics, 
i.C; to explaining the consequences of the laws of Reflection 
and Refraction of Light. Some of the most important optical 
instalments, including the eye, are dealt with. Points which 
commonly present difficulties to students, such, for example, as 
the method of achromatising an eye-piece, are explained in 
considerable detail. 

The remaining ten chapters are devoted to the development 
of the Wave Theory of Light. While ample attention is devoted 
to the more elementary parts of the subject, full explanations are 
also given of many points not usually dealt with in books of 
similar scope ; as instances, the investigation of the velocity of 
transverse waves in an elastic solid, and Sellmeier’s Theory of 
Dispersion, may be mentioned. The importance of the results 
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bt. ntcl will, 1 bchcve, jihstify the inclusion of these researches, 
llH- more so as the reasoning used can be easily followed by the 
aveiai^e student. I rcf^'ret j-reatly that the limited space at my 
dispos.'d has prevented me from including a simplified account 
<r that mcist beaut, iul and fertile of all optical theories-: 
Maxwel! s Klecti-o-Magnetic Theory of Light. 

()1 the 306 hgures used to illustrate the text, most of the line 
diagiams liave been reproduced from original drawings. My 
mdebtedness to original memoirs is acknowledged in the 

V !■: i-^turn my thanks- to Mr. W. B. 

Ciolt, M.A., who has placed his valuable collection of Diffraction 

my disposal ; and to Mr. C. P. 
Jhitler, A.k C.Sc.,who has provided me with several interesting 
speed urn photographs. Finally, my best thanks are clue to 
J rof. R. A. Gregory, and Mr. A. T. Simmons, B.Sc., for their 
courteous assistance and advice while the sheets have been 
passing" throiigdi the jjress. 


EDWIN EDSER. 


September, 1902. 
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LIGHT FOR STUDENTS 

CHAPTER I 

FUN1)AM]i;N’I'AL i-ropertirs of light 

Introductory. — Our knowledge of the e.Kternal world is 
derived, priniaril)', from the mental examination and comparison 
of sense impressions. ' Our most trustworthy impressions are 
obtained, through the sense of touch, from the actual contact of 
external objects with parts of the human body. Scarcely less 
important to us, though more frequently vitiated by illusions, 
are the impressions obtained through the visual sense, or sense 
of sight. In this case there is no obvious connecting , link 
between the object seen and the person who sees it. On 
.covering our eyes we can no longer see anything, so that the 
eye is obviously the organ of sight. But in what manner can a 
distant object affect the eye so as to produce a visual impression ? 
This question has occupied the minds of many of the greatest 
thinkers since the earliest times recorded in history ; it has 
been answered, in a satisfactory manner, only during the last 
century, and even at the present day there are points which 
require explanation. But from the earliest times the need has 
been felt of postulating some agency by means of which the 
object seen influences the eye which sees it ; this agency is 
termed light. Thus we do not directly observe the existence 
of light, but infer this in order to explain the formation of 
visual impressions. Consequently, the statement sometimes 
made, that we do not see objects, but the light which proceeds 
from them to the eye, is inaccurate. 
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The ancients supposed light to be something whicli [jrocccded from 
the eye of the observer to the object seen. If we try to attach any 
definite meaning to such a supposition, wc must tliink of light as re- 
sembling tentacles stretching from the eye to surrounding objects. Such 
a theory has scarcely anything in its favour. It is more logical and 
more natural to think of light as something which proceeds from the 
object seen and affects the eye which it reaches. The nature and jjro- 
perties of this “something” will occupy our attention in the en.suing 
pages. 

As we infer that visual sense impressions are produced by an 


agency called light, so we infer that the total absence of visual c 

sense impressions, at any rate when the eye is healthy, is due to t^ 

the absence of light from the eye. In other words, the condition c 

which we term darkness is due to the absence of light. In a room, a 

the windows of which are carefully closed by shutters, certain tl 

objects — such as a candle-flame, a glow-worm, or a patch of t( 

luminous paint which has been exposed to sunlight — will be p 

more or less visible ; such objects are said to emit light, or to fi 

be self-luminous, A candle-flame will not only itself be visible 
when introduced into a dark room, but wdll render the walls and li 

furniture of the room visible also. Since, in the absence of the w 

candle, the walls and furniture of the room could not be seen, fc 

the latter are not self-luminous ; when seen, they are rendered n 

visible by light derived from some self-luminous body. Thus, li 

we infer that light from the candle-flame not only reaches the sc 

eye directly, but some of it falls on the walls of the room, and is pi 

thence thrown back so as to reach the eye. di 

Bectilinear Path of Light. — A minute object, held between it: 

the eye and a very small source of light, renders the latter vi 

invisible. It therefore intercepts the light from the source 
which would otherwise have reached the eye. From this we (J 

infer that light does not appreciably bend round an obstacle, or, so 

in other words, light travels in straight lines. As we shall see, pr 

this is only true when the path of the light is in a uniform rn 

medium ; when light passes from one medium to another (as, 4- K 

for instance, from air to water), the light which enters the ■ Si 

second medium does not generally travel along a continuation 
of the straight line which formed its previous path. Further, 
under certain conditions, light does to a very small extent bend 
round an obstacle ; the results of this bending will be fully ob^ 
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considered in a subsequent chapter, but need not concern us at 
present. 

The term ray is applied to the rectilinear path along which 
light tiavels, in any direction, from a point in a luminous 
object. If the object emits light in all directions, then any 
stiaight line fi'om a point of the object constitutes a ray. A 
collection of rays, proceeding from or toward a point is termed 
a pencil. 1 Thus each point of a luminous object gives rise to a 
number of pencils of light. When the light proceeds from a 
point, the pencil is termed divergent ; when toward a point, 
convergent. When a pencil diverges from, or converges 
towaid, a point at a great distance from the observer, the 
component rays will be approximately parallel, and the 
appi oximation to parallelism increases with the distance of 
the point from the observer. We may say that rays converging 
toward, or diverging from, a point at an infinite distance, form a 
parallel pencil. As ati instance, light rays, I'eaching the earth 
from a star, are sensibly parallel. 

A collection of rays, proceeding from various parts of a 
luminous object, is termed a beam of light. Thus, sunlight, 
when admitted into a darkened room through a small orifice, 
forms a sunbeam. The path of a sunbeam in the air is often 
made visible by the 
light thrown off, or 
scattered, from small 
particles of floating 
dust, &c. The beam 
itself is, of course, in- 
visible. 

Shadows. — Let S 

(Fig. i) be a small 
source of light, ap- 
proximating to a geo- 
metrical point, whilst 
K is an obstacle which intercepts the light which falls on it. 
Since the light rays which fall on K are intercepted, whilst those 
which just pass it are not appreciably bent or modified, it follows 

^ ^eiucitluim, a painter's brush. The similarity between light rays con- 

ob^ou^ ^ point, and the converging hairs of a pointed brush, is sufEcientiy 
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that a shadow cone extends away from K, and a point within this 
cone receives no light from S. A screen held at right angles to 
the axis, of the shadow cone will show a well-defined shadow of 
the obstacle. Very sharp shadows of objects are thrown by 
the light from a naked arc lamp. 

When the source of light is large in comparison with its 
distance from the obstacle, the light from each point of the 
source throws a separate shadow cone from the obstacle, and it 
is only the space common to all of these shadow cones which is 
free from light. Fig. 2 gives the sections of the shadow cones 
thrown from a sphere, B, by the light from opposite points of an 

extended source, A. 
The conical space 
BS receives no light 
from any part of A ; 
any point in the 
shaded poi'tion of 
the figure receives 
light from some 
parts of A but not 

Fic. 2,— Formation of Umbral and Peiiumbral Cones. from Others. A 

screen, mn^ placed 

between B and S, will show a perfectly black central portion, 
called the umbra, surrounded by. an area partially in shadow, 
called the panumbra. If the screen is placed beyond the apex S 
of the umbral cone, the shadoAV will only show a penumbra. 
A, shadow thrown by an ordinary lamp or gas flame generally 
shows a penumbra, with or without an umbra. The light from 
the sun throws umbral and penumbral cones from the moon, 
and when a point on the earth passes into either of these, 
an eclipse of the sun occursi When the point on the earth is 
within the penumbral cone, the eclipse is partial^ and part of 
the sun is seen. When the point on the earth passes into 
the umbral cone, the eclipse is totals and the whole of the sun 
is obscured. 

The sun also throws a shadow cone from the earth, and when 
the moon moves into this it becomes eclipsed. As the earth 
rotates, a point on its surface is exposed to the light from 
the sun dui'ing the day, and withdrawn into the shadow cone at 
the advent of night. 
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The Pin hole Camera. J.a ae (Fig. 3) rc))i-esent 1 
I'-n-.H.ns ohj,.,, placed in front: of a small apcrl:tn-e, C, pierced 
<">«• s.d,. ol an otherwise closed chamber. Since the light 
rays divergmg from points of AJ] arc rectilinear, a cone of rays 
"I small vertical angh? ^ 

will pass through C 
Irom each point of All. 

I. cl the side of the 
f liamher remote from 
U lie covered by a 
white screen, 'Phen 
emdi cone of rays illu- 
tninat(‘s a sin.-dl .s[)ot 
on the screen, and if 
the ;i|)erlure C is very 
sintill, each of these 
illuminated spots .approximates, in dimensions, to a point. 

I hu.s, for each ])oint of All there will be a corresponding bright 
point on the .screen ; in other words, a luminous image, A'B', 
c()rn’sponding to the object AB, will be formed on the screen! 
I-'rom Fig. 3 it is readily seen that the image differs from the 
object in being inverted. Further, if DC = ?(, whilst CE * v, 
then 

A'll'/AB ~ v/u. 



Fn;. 3.— Pin-hole Camera. 


I’hus, till! image cun he in.ide as large as we please by increasing v, or 
decreasing 11. As we (lecrea.se n, the pencil of ray,s from a point on 
the object Iiecomes more divergent, so that a larger area on tire screen is 
illuminated hy llie light from a particular point of the object. This 
produces a blurring of the image. It would at first sight appear that 
increasing v sliould also increa.se the blurring of the image ; but, as a 
malter of fact, tlic definition of the image increases with v, up to a certain 
point, and suliseciuently decrea.ses. Decreasing the size of the aperture 
iiK-rcases the (leiinilion up to a certain point but if the aperture be 
diminished lieyond a certain magnitude, depending on the values of 
and 7', the defmilion of the image decreases. These results, as we 
shall finil, admit of a ready explanation in terms of the Wave Theory of 
Light. 

The form of the image is independent of the shape of the aperture. 
Tlie latter merely influences the shape of the individual bright spots 
on die .screen, corresponding to diflerent points on the luminous object. 
When sunlight fulls tlrrough the interstices between the leaves of a dense 
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forest, ^ it paints oval bright spots on the ground. Each bright spot 
is an image of the sun, and would be circular if the sun were exactly 
overhead. 

If the image A'B' is formed on the sensitive film of a photographic 
plate, a permanent image will be formed on the plate after development. 
The use of a pin-hole camera strongly recommends itself for the photo- 
grajjhy of buildings, since the image is an exact facsimile of the object, 
while a lens, unless this is specially designed for the photography of 
buildings, generally produces a distorted image. The only disadvantage 
of the pin-hole camera lies in the protracted exposure required. 

Transparency and Opacity.— Material substances may be 
broadly divided into two classes : those through which light can 
pass, which are termed transparent ; and those which intercept 
the light which falls on them, which are termed opaque. Some 
substances are penetrable, to a greater or less extent, by light 
but an object cannot be seen distinctly through them ; such 
substances are said to be translucent. A fog, paraffin wax, and 
a weak solution of milk and water, are translucent to light. 
A transparent substance may be rendered translucent by 
roughening its surface. Ground glass forms a familiar instance 
of this transformation. 


No substance is either absolutely transparent, or absolutely opaque. 
Air, water, and^ glass intercept some light, while thin layers of metal 
transmit a certain amount of light. 


Eeflection.— When a narrow pencil of light falls on a smooth 
polished surface, another pencil, termed the reflected pencil is 

thrown off from the point of inci- 
dence. The laws of reflection have 
been known from a very remote 
period, and may be stated as fol- 
lows. Let IC (Fig. 4) be a ray 
of light incident on a reflecting 
surface at C. Draw the straight 
line CN perpendicular to the re- 
flecting surface at C ; this line is 
termed the normal to the surface 
at C. Then, the reflected ray CR 
lies in the plane containing the in- 
cident ray IC and the normal to the surface at C. 

Further, the inc'dent and reflected rays are equally inclined to 



Fig. 4.- 


-Incident and Reflected 
Rays. 
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the normal, and lie on opposite sides of it. The angle of incidence, 
L IS the angle NCI. The angle of reflection, r, is the angle NCR. 
From the above law — 


The above laws apply to the reflection of light from any perfectly 
smooth surface, whatever may be its form, or the nature of the medium 
vv lie 1 it lounds. If the surface is curved, we may divide it into very 
small elements of area (which will be approximately plane), and draw 
the normals to these elements. Light will then be reflected from each 
element according to the above law. 

Some substances, such as polished silver, reflect nearly all {i.e. more 
than 90 per cent.) of the light which falls on them. These substances 
are .said to be good reflectors. Light is also reflected, though in smaller 
proportion, from the smooth surfaces of transparent media. About 
4 per cent, of the light, incident at a small angle on a glass surface, is 
leflected. When light is incident similarly on the surface of water 
about 1 7 per cent, of it is reflected. 


When light is incident on a rough surface (such as that of 
giound glass), the above laws of reflection do not hold good, 
A narrow parallel pencil of light does not give rise to a parallel 
pencil, but to a system of rays diverging from the point of 
incidence. The reflection in this case is said to be diffusive. 
The surface of a piece of white unglazed paper reflects light 
diffusively. A certain amount of light is reflected regularly {i.e. 
according to the laws explained ahove) from the surface of white, 
g'lased paper. 

Refraction.— When a ray of 
light is incident on the smooth 
surface of a transparent medium, 
a reflected ray is not alone formed. 

A second ray starts from the point 
of incidence and traverses the 
transparent medium ; this is termed 
the refracted ray. The direction of 
the refracted ray does not, in 
general, agree with that of the inci- 
dent ray, but there is a definite rela- 
tion between these two directions. 

Let IC (Fig. 5) be the incident ray, lying in the plane of the 
paper. Let this ray meet the surface which separates two 



F:g. 5. — Incident and Refracted 
Rays. 
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clilfeient mediant C. If the surface in question is perpendicular 
to tlic plane of the paper, the normal CN to the surhice at C 
will he m the plane of the paper. Produce NC to N'. Let CR 
l^e the refracted ray. Then, the refracted ray CR lies in the plane 
containing the incident ray IC and the normal NCN'. The angle 
of incidence z {= L NCI) and the angle of refraction r (= L N'CR) 
are connected hy the relation- 


sin //sin r~ SI constant = ^ (say), 

urTJ’i' generally termed Snell’s Law, from its discoverer, 

Wdlebrod Snelhus. Snell’.s law applies to any case where a ray of 
light meets the interRce between two different media, provided these 
media possess the same properties in all directions. It therefore applies 
to refraction at the interface between air and glass, air and water, water 
and g ass, cVc. When one of the media is crystalline, or when both are 
crystalline, the law of refraction becomes more complicated ; considera- 
hon of these cases may be postponed for the present. The constant u 
is termed the index of refraction ; its value depends on the nature of 
the two media separated by the refracting surface. When the light 
■l^efore meeting the surface, has been travelling in a vacuum, Ihe con- 
stant ^ IS termed the refractive index of the transparent medium in 
which the refracted ray is formed. When light is incident in air on a 
transparent medium, the index of refraction is practically the same as if 
the light had been incident in a vacuum on the same surface 
When p. IS greater than unity, it follows that is less than /, and the 
refracted ray makes an angle with the normal which is smaller than the 
angle of incidence. Thus, considering the incident and refracted rays 
as pads of a single ray, we may say that when ,it > i, the ray is de- ' 
fleeted at the point of incidence, being bent toward the normal. This 
deflection generally occurs when light passes from a rarer to a denser 
medium ; and when the light is deflected at the surface of separation of 
two media, sg as to be bent toward the normah wh say that the second 
medium is optically denser than the first, ^vhatever the mechanical 
c cnsities of the media may be. Conversely, vvhen light is deflected 
a- the surface of separation of two media, so as to be bent away from 
the noruial, the index of refraction, . m, is less than unity, and the second 
medium as said to be optically rarer, or less dense, than the first 

light IS incident in a vacuum (or in air) on a transparent sur- 
face, It IS neaily always deflected toward the normal, so that the refractive 
indices of nearly all transparent media are greater than unity. Light 
can penetrate to a small depth into a metal, and in this case it is some- 
times bent; away from the normal (in the case of sodium, gold, and 
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"MU uuuv. u 

.m.i ikui arc; i^rrciilcr than unily. 


W80 Square Law. In,a,ino lioh,. to be emitted uniformly 

ilia 'mi 

it ' an a. vmniil itc'i. ' i ’■”^Iess 

liif •uiiiTf uill'i- • ‘n'-int'ty emitted per second by 

euiM u.ll uuju.re oim second to pas.s through each of a 

" i;'P'K"">7 HpI.erioU surCua-.,. u-itl, centres at the 

■ at an> point u falls normally on a white surface the 

r V n '•!! Hence, 

' ' , ” '‘■‘‘’Ure the illumination, at a distance r from the 

■Tr/of through unit 

V , at the source. 

-H I. lie the hpht emitted per second by the source. Then, 
this li^ht passes per second through the surface of the sphere 
• niclius AC. through an area 47r;-^. Hence, the light passing 
lift second thronph crccv. of the same sphere is equal to- 


J//47r;-”. 

I hus,^ the illumination at a given distance from a small source of 
light is inversely proportional to the square of the distance. 

Let us now suppo.se that the source of light is not infinitely 
small. We may, in imagination, divide it into a large number 
fit elements, each indelinilely small. 

I he re.sultant illumination at any point is equal to the sum of 
dm illiiminalions there, due to the various elements. The 
illmiiination due to any element varies inversely as the square 
'it the distance ; and a jioint beyond a certain finite distance 
trom the souire will be |)ractically equidistant from all of the 
elements, for points beyond this distance the resultant 
illumination v;irie.s inversely as tlie square of the distance, just 
as III the case of an infinitely small source. On the other hand, 
tor points at distances Iroin the source, which are small in com- 
jiarison with the linear dimensions of the latter, the resultant 
illumination is practii ally independent of the distance. 

Comparing Sources of Light. — Let a small source emit light 
unilornily in all directions, the rate of emission being equal to 
I-j’ 1 lie anioimt oi light passing per second through unit area, 
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placed at right angles to the direction of the rays, at a distance 
rfi from the source, is equal to 

If another small source emits light at the rate of Lj, the 
amount of light passing through unit area at a distance from 
this source, is equal to L^lA-ird./. 

If white screens are placed at right angles to the rays at 
distances r/j and from the respective sources, then these 
sci-eens will Idc equally illuminated, and will appear equally 
bright, if — 

. hi- ^ 

■ ■ L., d‘^ 

This equation holds for all cases in which the linear 
dimensions of the sources are small in comparison with d^ and 
d.2. It gives us a method of comparing the luminous emis- 
sivities of two sources of light. The comparison of luminous 
emissivities is termed Photometry, and an arrangement for 
effecting photometric measurements is termed a Photometer. 
Some of the best known photometers will now be described. 

Bouguer’s Photometer.— A translucent screen, AB (Fig. 6), 
made from ground glass or tissue paper, is mounted in a 

vertical plane, and a black- 
ened opaque screen, CD, 
which is also vertical, is 
placed at right angles to AB, 
so that its edge, C, divides 
the translucent screen into 
two equal portions. Two 
sources of light, Li and Lg, 
are placed so as to illumin- 
ate opposite halves of the screen AB, while either source throws a 
shadow of the opaque screen CD on the part of AB illuminated 
by the other soiuxe. The screen is viewed from E. By varying 
the distances of Li and Lg from the screen, the two shadows 
may be made equally bright ; the ratio of luminous emis- 
sivities of the two sources are then obtained from (i) above, 
where and d, are the distances of the sources from C. The 
objection to this form of photometer is, that the two illuminated 
areas are not actually in contact, but are separated by a black 
line, corresponding to the thickness of the screen CD. 



Fig. 6. — Bouguer's Photometer. 
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Euraford’s Photometer.— A cylindrical rod, D (Fig 7) such 
a lead-penal is placed in front of a verdcal scfeen, AB 

or a piece of tissue paper, or 
pjiound glass, when it should 
be viewed from the left. Two 
sources of light, and L^, are 
placed to the right of AB in 
such positions that each throws 
n. separate shadow of D on the 
screen, the area shaded from 
one source being illuminated by 
the other. The position of D should be adjusted so that the 
edges of the two shadows just touch each other without over- 
/appt 7 ig. By varying the distances of the two sources of light 
ti om the screen, the two shadows can be made equally bright 
when equation (i) may be used. By the aid of Rumford’s 
t iiotometer a very accurate comparison of two sources of light 
=an be effected. It can be used in a room which is not quite 



Fig. 7. — Rumford’s Photometer. 


Bunsens Grease-Spot Photometer.— A screen is made from 
vliite unglazed paper, a small area of which has been greased 
o render it^ translucent. The grease spot should have sharp 
tclges, and is preferably given the foi-m of a star. The two 
ources of light are placed on opposite sides of the screen, and 
adjusted until the grease spot and the rest 
f the screen appear equally illuminated. Observations should 
e made on both sides of the screen. When the above adjust- 
lents have been made, equadon (i) (p. 10) can be applied, 
"lieie and are the respective distances of the light sources 
■om the screen. 


The theory underlying this experiment is very simple. Let L and I 
? the quantities of light per unit area falling on opposite sides of the 
reen from the sources L^ and L^ respectively. When unit quantity of 
-L ri! e^sed paper, let a fraction, a, be diffusively reflected, 

bilst the remainder (i-a) is transmitted. Let ^ and ( 1 - 3 ) be the 
.c 10ns of unit quantity of light diffusively reflected and transmitted 
unit area of the grease spot. Then, if the screen is viewed from the 
ie on which the source L^ lies, the light reaching the eye from unit 
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area of the ungreased paper is proportional to ■{/ia-l-4(i -«)}, while that 
from unit area of the grease spot is proportional to {/ \- L^i ~ . 
When the grease spot and the surrounding paper appear ecpially 
bright — 

l^a + /yl I - a) = /j/; -h 4( i - />). 

. ■ . -/>)= 14,'i - a) = - h). 

Since a - /ms not equal to zero, we may divide througli by this quantity, 
when we nlitain — 

/, 4. 

• ill = b 

Joly’s Photometer. — A screen is formed from two similar 
plane parallel slabs of paraffin wax, placed face to face with a 
sheet of polished tinfoil interposed between them. The screen 
is placed between the sources of light, so that each slab is illu- 
minated only by one source. The light is scattered as it traverses 
the wax, both before and after reflection from the tinfoil ; con- 
sequently, when viewed sideways, the slabs appear bright, like 
the upper part of the wax of a lighted candle. The positions of 
the sources are adjusted till the two slabs appear equally bright. 

Light Standards. — Since we have means of accurately com- 
paring the luminous emissivities of different sources of light, it 
becomes important to select some standard source, the luminous 
emissivity of which may be taken as a unit. The conditions 
which such a standard should fulfil are as follows : — 

1. Its luminous emissivity should be constant under the conditions 
usually attending photometric comparisons or, if variation occurs, 
corrections should be applicable so as to reduce all observations to 
standard conditions, 

2. The standard source should have the same luminous emissivity 
when set up independently by different observers, provided that certain 
specified conditions are fulfilled. 

Few light standards fulfil these conditions, even approxi- 
mately, Avhile some make hardly any pretence to fulfilling them. 
Some of the most generally known standards will now be 
described. 

The British Standard Candle. — This is a sperm candle, 
weighing six to the pound, and burning 120 grains per hour. 
The brightness of a candle-flame depends on the length and 



1* IJNDA.MKNTAL I’ROl'KKTIKS OK L!GHT 


f lu- wK'k (ho that “snuffinR” produces a considerable 
)» llic lu-iRliL of the flaine, and even the temperature of 
iii«1 lh<! amount of carbon-dioxide and water vapour 
_ riu- luminous emissivity of the Jb-itish standard 
u ich by aliout 20 per cent. 

candle po-«ror ..f u source we mean die ratio of du- luiniimus 
llic- snurce In that nf the slandanl candle. Allhnui^di 
«% <• I,,,, -a universally abanduned a.s .standards, the innre trust- 
b diiiiti-s which liave been adopted arc generally defined as of 
• tf idlo-|iower. 


.athven Standard.-A .screen with a rect.-mgular tijicr- 
•tiiiiit* dimensions is phiccd close to a coal-gtis fltime 
AfKttnd burner (Fig. 8). The ' 

»<■ light letiving the tiperture varies 
bily with the height of the flame, 
wires (shown in the figure) are 
finirk the .sttuuhird height. The 
the gjLs liurnt tippcars to be of 
Oflitry cnnseciucnce. Though more 
‘ v tlKin a candle-fltune, the Methven 
1 litible ■ to fluctutitions amounting 
!»«■>■ cent. 

©filer- Alteneck Standard.— This 

of ;i metal lamp in which amyl 
Inirnt. The height of the flame 
dfsted iindmetisured. This standard 
ti^Utd to within about 2 per cent. 
si^xton-Harcourt Pentane Stand- 
^ is ;i ten ctindle-power standard, 

Iiurning- a mixture of air and 
P«‘ntane (C,Hia). Liquid pentane 
<■*<1 in a flat reservoir, A (Fig. 9), 
iiir 1.S admitted by a stop-cock, S, 
l^e-avy mi.xture of air and pentane 
»lt<ni.s over by way of the metal tube W, and the india- 
e at a rate regulated by the stop-cock T, an^ is 
'It at a circular steatite burner with thirty holes each 
5 and I -5 mm. m diameter. The flame is drawn into 
and its top is hidden from vieiv, by a brass tube 



i IG. 8. — Methven 
Standard. 
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C, above the burner. Surrounding' C is a wider tube, D, open at 
the bottom, iDUt communicating at its upper end with the 

vertical tube E, which, 
in its turn, is connected 
with the central space 
of the steatite burner 
by way of the tube F. 
The air in the space 
between the tubes C 
and D becomes heated, 
and rises upwards. It 
becomes cooled in the 
connecting chamber be- 
tween D and E, and 
descends, by way of the 
tube E, to the burner, 
thus supplying air to 
the middle of the latter 
at a constant rate. A.t 
the same time heat is 
supplied from the con- 
necting chamber be- 
tween D and E to the 
bracket supporting the 
reservoir A, so that the 
pentane is evaporated 
at a regular rate. The 
height of the flame is 
regulated, firstly by- 
means of the stop-cocks 
S and T, and then more 
exactly by raising or 
lowering a cone INF 
above the orifice of S. 
No glass chimney is used to surround the flame. 

The pentane is obtained by successively distilling light American 
petroleum (such as is known as gasoline) at the temperatiires 55° C. , 
50“ C., and 45° C. The distillate at 45° C. is shaken up with (i) strong 
sulphuric acid, and (2) with caustic soda solution. After this treatment 
it is again distilled, the portion which comes over between 25° C. and 



Fig. g. — Vernon-Harcourt Pentane Standard. 
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u • ’”'"‘1^' II consists mostly of pentane, with 

•.nmll IniceHol lii^rlier and lower homoloffucs, which do not affect the 
liiiiiiiuisilv of the flame. 


I’cntaiic lamps, when constructed, according to specified con- 
ditions, l)y different iicr.sons, and .set up by different experi- 
nienter.s, agree in cjindle-power to within about o’l per cent. 

Violle Standard. “-Violle recommends, as a standard of luminosity, 
Ota* sijuare centinielre ol the surfaee of platinum heated to its melting 
poiiii, 1 his would doubtless he a most trustworthy standard if the 
dillieullies attending its use could be overcome.. 

Tho Electric Glow Lamp. An electric glow lamp, when the current 
ami tin* voltage ju-e maintained coastant, gives a fairly constant light 
ti\ei u limilefl peiiod ol time. It ha.s, however, lieen found impossible 
to construct a lamp so that its candle-power for a given current and 
voltage shall be known beforehand. Further, the fdament of a glow 
lump changes with use, and the inside of the bulb becomes blackened 
l.y carbon pn.jected from the filament. The candle-power of a glow 
lamp^ also varies with the direction, with respect to the plane containing 
the filament, in which oliservalions are made. 


Plano and Solid Angles.— Let AB (Fig, lo) be any straight line 
in tin: plane of the paper, and let P be any point in the same plane. 
Join AP, BP. Then the line 
AH is .said lo .subtend the 
(plsine) angle APB, at the 
point P. The angle APB 
may he measured in degrees, 
mintUe.s, and .second.s ; hut 
in theoretical inve.stigations 
another method of mea.sure- 
ment is imefcrahlc. If, with P as centre, we draw a number of circular 
arcs of different radii, extending between the lines AP and BP, then 
all of these arcs suliteiid the same angle at P, and the length of an arc, 
when divided by its radius, gives a ratio which is the same, whatever 
arc is chosen. Thus, the angle APB may be measured by the ratio — 

arc/radius = 9 (say). 

0 is termed the circular measure of the angle APB. The unit of 
ciismlar measure is termed a radian ; it is the measure of an angle sub- 
tended by ii:i arc ecpuil in length to the radius. A radian is equal to 
57"'3 (nearly). The circular measure of a right angle is equal to 7r/2 
radian.;, where 7r= 3*14159. 



Fic. to.— Plane Angle .subtended by a Line. 
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With 1’ iis centre, and PE as radius, describe (he circular arc BC, 
cutting AP and BP in C and B. Then the circular measure of the 
angle Ald5 is etiual to— 

arc BC/radius PB. 

When the length BC i.s .small in conipari.son with the length PB, 
the arc BC approximates to a straight line, and the figure ACB 
approximate.s to a triangle, with a right angle at C. Let AB — 
whilst BC = a, and PB = r ; then — 

aje — cos ABC, and a = c cos ABC. 

Thus, circular measure of -APB — f cos ABC/r. 

Let AB (Fig. ii) represent an area, supposed to be' perpendicular 
t (3 the plane of the paper ; whilst P is a point in the plane of the paper. 
From numerous points on the Ijoundary of AB draw straight lines to Ih 
These lines, if numerous enough, generate a cone, with vertex at P. If 
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Fio. II.- Solid Angle .subtended by a Surface. 


a numbet of spheres are described with P as centre, tlien from each of 
these an area will be cut off by the cone APB. Ihese areas are pio- 
portional to the stjuares of the radii of the spheres to which they 
correspond, so that if any one of these areas is divided by the septate of 
the radius of the corresponding sphere, the ratio so obtained will have 
the same value, no matter which area is chosen. I rom analogy with 
the method of measuring a plane angle, this ratio is said to measure the 
solid angle subtended at P by the surface AB. ^ 

With P as centre, and PB as radius, describe a sphere cutting the 
cone APB in the closed curve CB. The solid angle APB is then 


Area of CB/( distance PB)^ = » (say). 

When the linear dimensions of CB are small in comparison with PB, 
the surface CB will be approximately plane. Let <p be the angle of 
inclination between the surfaces AB and CB ; this is conveniently 
measured by the angle between the normals to AB and CB. If the 
area of AB is equal to a, that of CB will be equal to a cos <p. Then, if 
PB = r, the solid angle, w, which AB subtends at P, is given by— 

0 ) = ff cos 
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Oblique Illumination.- Let P rFip- ti'i 

luTlTi- v\f]iiir» n * 11 ' ^ point source of 

with’pB = as rLllr L« AB 

tiTs y-' “ 

passes normally tliroinrl, CB will falj* s **i"^ 
of incidence lo V?d„ Ilf XTb^'^'L? 

amount of Iioht 'n'i''^qino- n , ^ 

Then, if the a?ea of AR ^ i^oimally through unit area of GB. 

Cran^ra?i::rr?aTs‘3t¥i-T“^^^^^ 

la cos (pja '— 1 00 s <p. . 

L cos (pjiprcl^, 

which” Urt' SrJ' bo understood that the rate, at 

iS‘C°an“S7ofce“srch rfsC.” 

heated to incandescence by the eleltril on, I f 7 
suppose that a very small element of the source, oL^rea « emits 
hght normally at such a rate that t/ fAe emission soe^e ZiZn 
m oil dtrecHons, the rate of emission would be equ7ro T tZ 

f 7e7pS at"r" fbicltll'ron a Si 

vnaf ^ ^ direction of the emitted 

y , at a distance ff from the element, would be equal to— 

L/d|irf/^, 

and, since this amount of light is derived fmrr, n v, r •■ 

source, that due to uni. area^f tL7l„7etuld“ rifullfof ' 

loj^TTCpa. 

solrf T„T'‘uih‘'7 *' “‘rihsic luminosity of the 

source, and w.ll be denoted by I, Since 4w is the solid an^t 

c 





' which a spherical surface subtends at the centre, we see that 
■ ‘ the iutrlnaio luminosity of a source is the rate at which lig'ht is 
emitted per unit solid angle per unit area of the source. We 
may also define the unit quantity of light as that emitted per unit 
. solid angle by a point source of one candle-power. Then it is 
easily seen that at a perpendicular distance d from a source of 
area A, and intrinsic luminosity 1, the resultant illumination per 
unit area is equal to — 


hv...£"' 


IsKld'K 


Now kld'^ is the solid angle, w, which the surface of area A 
subtends at the point at a perpendicular distance d from the 
surface. Thus, we see that the illumination per unit area at a 
given point is equal to the intrinsic luminosity of the source, 
multiplied hy the solid angle which the latter subtends at the point 
in question. 


The optical sy.stem of the eye will be considered in a later chapter. 
For the present it may be remarked that, when a luminous object is 
placed in front of the eye, light from the object, after passing through 
the pupil, forms an image on the interior back surface of the eye. The 
concUtion.s which determine the magnitude of this image are essentially 
similar to those described in connection with the pin-hole camera 
(p. 5) ; the system of lenses with which the eye is provided serves 
merely to prevent the blurring of the image which would result in a 
pin-hole camera with an aperture as large as the pupil and a chamber as 
small as the eye. Thus, a given object will give rise to an ocular image 
of which the linear dimensions vary inversely as the distance of the 
object from the pupil (p. 5 ) ; the area of the image varies inversely as 
the square of the distance of the object from the pupil. 

Let be the area of the pupil ; then the quantity of light which 
enters the eye from an object, of intrinsic luminosity L and area A, 
placed at a distance d from the pupil, will be equal to — 

LAA7<A 

Thus, the quantity of light which enters the eye from a given object 
is inversely proportional to the square of the distance of the latter from 
the pupil ; and, as proved above, the area of the ocular image formed 
is also inversely proportional to the square of the distance of the object 
from the pupil. Consequently, the luminosity of the ocular image (which 
is proportional to the illumination per unit area) is constant, whatever 
may be the position of the object. In other words, an object appears 
equally bright at all distances from the eye. 
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isl- 


reached do not apply when the objeett so d taM ha a 
• oailar image cannot be formed »• in iL r ^ 
i5-Aant candle-flame). ^ ^ 

assumed that the object is viewed 

r Are foiTm'"'"? ^orn^ally, the intrinsic luminosity of 
lace_ foi noimal emission being equal to L. Now let^L a 

f K-./whh irzz°' "'=‘'‘"’8 

n, if the surface has an area A, and is inclined at an ano-Je 
ic line of vision, its distance from the eye beincr d the 
I y of light which enters the pupil from it is equal^'to- 

f ncnce shows that a luminous surface appears equally briaht 
ar may be its inclination to the line of vision ^ 

'imaL°ofT/’ an 

l icuhr to the A AhOS,#,. 

liuilar to the line of vision, the distances of the two 

; tSly bri/h^l 

L^AA7if2 = LA cos (p . K'jcP. 

•'• = Lcos<t>. 

the intrinsic luminosity of a surface, for different dirPotinT,^ 

kT; whri^ 

Ituninosity of the screen, which is determined tlie 

,c t follow that a visual_ estimate of the luminisity will 
tl the intiinsic luminosity of the screen. The intrinsic 
ty epends inerely on physical conditions; a visual 
c pends, -in addition, on the sensitiveness of the eye to 
^nnous intensities. ^ 

. intrinsic luminosity of a white screen.be L, and let dL 

l^IeTv'thT^'" produces a difference dis- 

imeJ pTm say that increasing L 

1 duces unit difference m the visual luminosity of the 
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surface. From the result of e.xperiments Weber proposed the 
law that is constant, or that the smallest increase in the 

intrinsic luminosity of a surface which can be distinguished by 

the eye, is proportional to the original intrinsic luminosity of 
the surface. This law has been confirmed by Schirmer, for 
illuminations varying from that of i to looo candles at i cm. 
distance from tlie screen. ■ 

Webt'ds law may be invesligaleil as follows. Let a while screen be 
illuminated by a standard source of light at a known distance from 
the screen ; then the quantity of light falling on unit area of tlie scieen 
becomes known ; this quantity is proportional to L. Now let another 
standard source of light be placed at a conaideiable distance from the 
screen, adjusted so that it throws a shadow of a rod which \sjust visib/e 
on the screen. The quantity of light per unit area of the screen, 
derived from this second source, can be calculated ; this is propoitional 
to rfL. Hence, the ratio ^fL/L can be determined for various values 
of L. Schirmer found that, at- first, the value of tfL/L was equal to 
1/128, but with practice he obtained the smaller value 1/217. 

Questions on CHAi>’rER I 

{In this case, and in the qtieslions at the ends of subsequent chapters, 
where only a date is given the questions were set at Examinations of 
the Board of Education, South Kensington. ) 

1. How would you determine experimentally the quantity of light re- 
flected at different angles by a piece'df plane glass ? (bond. Inter. Sci. 
Pass, 1898.) 

2. The sun’s rays fall upon a small square mirror placed horizontally, 

and are received after reflection on a vertical screen. What will be the 
shape of the illuminated patch on -the screen, and how will it vary, 
when the distance between the screen and the mirror is altered ? ( A. 
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1898.) 

3. A surface is being illuminated by a bright but distant lamp. How 
would you measure the intensity of the illumination of that surface ? 

(Lond. Inter. Sci. Pass, 1899.) i In 

Practicai, 1 ph 

1. Find the proportion of the light emitted bya gas flame which is | thi 

reflected at 45° from a plate of glass. (H. 1895.) ^ _ : pit 

2. A flame and a Bunsen photometer disc are placed a given distance | the 

apart. Determine the reduction of the illumination at the disc when a i gq 

piece of opaque glass of given size is placed between it and the flame at , p^. 

four given distances from the flame. (PI. 1894.) . 


CHAPTER II 

applications of the LAWS OF REFLECTION 

Introductory. -The laws of reflection from a smooth surface 
have already been stated. Simple experiments illustrative of 
these laws may be found in most elementary works on light ; 
Jut in order to establish them, experimentally, somewhat com- 
plicated optical arrangements are necessary. On the other 
hand the trustworthiness of the laws of reflection may be 
established, indirectly, , by showing that the results deduced 
knowledgi complete conformity with our experimental 

A smoodi surface from which light is reflected is termed a 
nfTr" r metallic surface reflects a large proportion 

of the light which falls on it, while the surface of a transparent 
medium reflects very little light ; but in both cases the surface 
IS teimed a mirror. As a general rule, the reflecting surface, 
m order to be termed a mirror, should possess some simple 
geometrical form, such as a plane, or a part of a sphere, 
ellipsoid, or paraboloid. 

Plane. Mirrors 

Formation of Image.— Let A (Fig. 12) be a luminous point 
in the plane of the paper ; and let MM' be the section of a 
p ane reflecting surface, supposed perpendicular to the plane of 
the paper, so that the normal BC to the surface lies in the 
plane of the paper. Let any two rays, AB, AB', in the plane of 
rise to the reflected rays BD and 
B D ; the rays BD and B'D' will lie in the plane of the paper. 
Pioduce D]^. D B , till they intersect at A' (say). Then, since 
AB and BD are equally inclined to BC, they are equally 
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(•< the mirror MM'. Then the point A of the object gives rise 
to an image A', as far iDchind the mirror as A is in front of 
U. The position of B', the image of B, is determined in a 
.simitar manner. Thus, it becomes evident that the reflected 
image is of the same size as the object. The actual paths of 
llie rays reai'hing the eye from different points of the object 
will be readily understood from Fig. 13. 

S'- thin .sheet of plate gks.-, perpendicular to the 
Inmi-h, ami place a i)in upright in front of it. A reflected image of the pin 
IS .seen in the gla.s.s. I’lacc a .second pin, .similar to the first, behind the 
■sheet of glass, in such a position that it and the reflected image of the 
lirst pin apiicar to occupy the .same po.sition. When this adjustment 
has been accursitely made, moving the eye from .side to side produces 
iKi relative motion between the one pin and. the image of the other; 
tliis condition i.s de.scrihed by .saying that there is no parallax between 
one pin and the image of the other. When the adjustment is imperfect, 
a molion of the eye from side to .side causes the pin and the image to 
.separate from each other ; whichever of the two is farther from the eye 
will he displaced from the other in the same direction as that in which 
I lie eye moves. ^ The reason of this can be easily seen by placing two 
lingers, one behind the other, in front of the eye, and then moving the 
latler from side to side. Having adjusted the second pin, measure its 
distance, and the distance of the first pin, from the glass. Also notice 
that, if the two pins are similar, one pin and the image of the other 
appear of the .same size. 

Multiple Reflections.— A pencil of light may undergo 
reflection at two or more plane mirrors before reaching the eye. 
Let us consider the case where it is successively reflected from 
two mirrors. After reflection at the first mirror, the light 
apparently proceeds from the image formed in that mirror ; if 
litis light falls on a second mirror, it will subsequently appear to 
proceed from a point which is the image of the first reflected 
image. A third reflection may then occur at the first mirror, 
in wliich case an image of the second reflected image is formed. 
Further reflections may take place, until an image is formed in 
such a position that light from it cannot be further reflected. 

I. Txvo l\J{rrors perpcndiailar to each other, — Let O (Fig. 14) be a 
luminou.s point, situated between two mirrors, CM and CM', which 
are perpendicular to each other. By direct reflection, an image Ij is 
formed in the mirror CM. Part of the light apparently proceeding 
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Fig, 12. — Incident and Re- 
llected Rays, Plane Mirror. 


inclined to MM'. Therefore .1 ARM L DBM' MBA . 
Consequently, ABB' - ^ A'BB'. Similarly, .lAB'H 
/L A'B'B. Further, the two triangles ABB', ABB, have the 
common base BB' ; consequently, ibest^ 
triangles are eciual in all respects, and 
the side AB of one is equal to the sitU* 
A'B of tin; other. 

Join AA'. Then in the two IriaitKloH 
ABM, A'BM, the sides AB, A'B, arc 
equal, the base MB is connnon, ami 
the angles ABM and A'BM art' e<inal . 
Hence, these triangles are etiual in all 
respects, and AM - - A'M. hurliu*r, 
since the angles BMAantl BMA' are 
equal, the line AMA' is perpendicular 
to MM'. 

Thus, any two rays, AB, AH', from 
a luminous point A, give rise to 
reflected rays, BD, B'D', which follow the same paths, allcr 
leaving the surface MM', as if they diverged from a point A' 
behind the surface. The point A' lies on the line AM (produced), 
drawn from A perpendicular to the surface; and is as far behind the 
surface as the luminous point A is in front of it. Since the 
specification of the point A' does not involve the positions of 
the points B, B', at which the rays are reflected, it follows tb;it 
all rays from A, after' being reflected from the surface MM% 
follow the same paths as if they diverged from A'. 'Fhus, to an 
eye placed above the mirror MM', the 
reflected rays appear to diverge from 
the point A'. The point A' is termed 
the image of A ; since the rays re- 
flected from the surface do not, in 
reality, pass through A', but only ap- 
pear to diverge from that point, A' is 
termed the virtual image of A. 

Any luminous object, when placed in 
front of a plane mirror, gives rise to a 
reflected image, the position of which 
can be easily determined. Let AB 
(Fig. 13) be the object, placed in ront 
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Fig. 14. — Images formed in two mutually Perpen- 
dicular Mirrors. 


from Ij may reach the eye without further rellection, so that the virtiiiil 
image may be seen. But some of the light from Ij will he reflected 
from the mirror CM', as shown in the figure ; this light, on reaching 

the eye, appears to 
]:)roceed from a poiift 
ly, which is as far be- 
hind the plane of the 
mirror CM!' as Ij is in 
front of it. To find 
the position of To, 
draw OMI] pierpen- 
dicular to CM, and 
measure off MI^ ec.|ual 
to MO ; then draw 
Iilj) perpendicular to 
M'C produced, and 
mark the point in 
such a position that 
M'C produced bisects 
the line I1I2. 

The image I2 is be^ 
low the mirror CM ; 

and, consequently, light from it cannot suffer a further reflection. 

By direct reflection in the mirror CM', the object O gives rise to an 
image I^', and it is easily seen that the light from 1 / which falls on CM ' 
gives rise to an image Ij, coinciding with that previously determined. 
Thus, three images, . and no more, are formed by reflection in two 
mutually perpendicular mirrors. 

2. Tkw AHrrors inclined at any angle . — Let CMj, CM2 (Fig. 15), 
represent two mirrors inclined to each other at an angle MjCMo, which, 
for simplicity, we shall suppose to be equal to 271/;?, where n is an 
integer. Let 0 be a luminous point lying between the mirrors. With 
C as centre, describe a circle, passing through O. Then, if we mark a 
point on this circle, such that Ij and O are on opposite sides of CM], 
and M]!]^ — MjO, it is easily seen that I] is the image of 0 formed by 
a single reflection in CM], For, from the geometry of the circle, a 
straight line joining 0 to I, M'ill be perpendicular to CM], and Ij is 
as far behind CM] as O is in front of it. Similarly, if we mark a point 
I2 on the circle, such that I2 and O are on opposite sides of CM2, while 
M2I2 = MgO, then I2 is the image of O formed by a single reflection in 
CM2. 

Since I, is in. front of the mirror CM2, an image of it will he . formed 
by reflection in CMg. This image occupies the posltio'i marked I]2> 
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where Mj,!]. From C draw the straight line CD, making the 

iingle pCMij eijiial to Tlien CD is the image of the mirror 

C-lVlj, foimcd hy a single rellectioii in CM^; and it is easily seen that 
tile images Iij and Ij.j necujiy positions with respect to D, similar to 
those of O and Ij with respect to Mj. 

I he leasoning used aliove may he extended to determine the images 
fiirined hy three and more rellections. Draw the straight lines CE, 
(,.h, C(i, CII, CK, and CL, dividing the circle into sectors each 
containing :ln angle etpial to MjCM,„ or 27 r/« ; also produce M^C to 
///|, and hloC to //i.,. The images of I., and Ij2, formed by reflection in, 

( IMj, will resjrectively occupy the positions Li and Ijgi, equidistant from 
the point K. The images and I].^ give rise to the images Ijjg and 
^teaii l)y reflection in CM.^; and the images I212 and Ijjjg give rise to 
the images Liinj and I,2i2i> I'y reflection in dVIj. The latter images are 
lormed behiild the plane of the mirror CMg, and consequently nd 
lurther reflection can occur. In general, when an image is formed' 
within the space no further reflection can occur. We can 



Fig. 15. — Images formed in Inclined Mirrors. 


now determine the total number of images formed. The lines OMi, 
( IM2, OD, OE, . . . Ok, and OL divide the circle MiDFIL into « 
sectors, each possessing an angle equal to The sector M1CM2 

contains the oliject ; when u is an odd integer (as in Fig. 15), each of 
the remaining (« — i) sectors contains one, and only one, image, with 
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•Images formed in two Parallel 
JJirrors. 


the exception of the sector FCG, which contains two images. Hence, 
in general, when n is odd, there will be n images ; but when the object. 
O is midway between M-, and M._j, it is easily seen that the images 

and will coincide, Tteinjg; 
situated at ; in that ca.se 
there are only (/z - i) sejiar- 
ate images. If n is an even 
integer, there will only be 
one image in each of the 
(zz - i) sectors left after ex- 
cluding MjCMy ; in this ca.se 
there are only (zz - i) images 
formed. 

3. 'J'wo Parallel Mhvors. 
—Let Ml Ml, MyMjjdhg. 16) 
be two plane mirrors, per- 
pendicular to the line AB, 
and let O be an olrjecl; 
placed between them. Draw lines perpendicular to AB, at distances 
apart equal to that between MiMi and M^Mg. An image Ij is formed 
by reflection in MiMi, and O and Ii respectively give rise to the 
images Ij and I12, by reflection in Mc^Mg. 

The images Ig and I12 respectively give 
rise to the images Igi and Ijoi, by reflection 
in MjMi, and so on. There would be an 
infinite number of images but for the cir- 
cumstance that the light is weakened at 
each successive reflection, so that the images 
formed by a great number of reflections 
are too dim to be seen. . 


Measurement of Small Deflec- 
tions. — In many physical experiments 
it is necessary to measure the deflec- 
tion of a suspended system capable 
of rotation about a vertical axis. A 
pointer may be attached to the sus- 
pended system, and allowed to rotate 
above a circular scale ; but in this 
case the length of the pointer must be 
considerable if very small angular de- 
flections are to be measured, and the 



Fig. 17. — Method of measur- 
ing Small .Angular Deflection. 
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inertia of the pointer renders the time of oscillation of the 
suspended system inconveniently long. Poggendorff introduced 
an arrangement in which a small plane mirror is attached to the 
suspended system, and the image of a horizontal scale, reflected 
in tliis mirror, is viewed by the aid of a telescope. Let MM 
(Fig. 17) be the position of the mirror when the system is unde- 
flccted. The graduation A of the scale CD will form an image 
at F, and this is viewed by means of the telescope T, provided 
witli cross-wires in the eye-piece. Let the suspended system 
rotate through a small angle, so that the mirror acquires the 
position MjMj ; then the normal ON to the mirror rotates 
through an angle NOA = 6. Draw OC, making an angle, 
CON = 6 with the normal. Then a light-ray CO from the 
point C will be reflected along the path OA, and the image of 
the graduation C of the scale will now be formed near E. To 
find the e.xact position of the image, draw a line from C per- 
pendicular to M^Mi produced, and measure off a distance 
PQ = CP. The image of C will be formed at Q, and will 
be seen on the cross-wires of the telescope. 

Since L CO A = 26, we have — 

AC/OA = tan 20, 

When 0 is small, tan 26 is equal to the circular measure of 26, 
to a very close approximation. In this case — 
e = AC/2OA. 


Spherical Mirrors 

' Definitions. — A polished surface having the form of a portion 
of a sphere is termed a spherical mirror. The centre of curvature 
of the mirror is the centre of the sphere of which the reflecting 
surface forms a part. A spherical mirror is either concave or 
convex, according as the polished surface faces toward, or away 
from, the centre of curvature. The boundary of a mirror is 
generally circular. The middle point of the reflecting surface 
is termed the pole of the mirror. The diameter of the circular 
boundary of a mirror is termed the aperture. A section of 
a mirror, by a plane passing through the centre of curvature 
and the pole, is termed a principal section ; and a straight line 
passing through the centre of curvature and the pole is termed 
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slrirt'f siSkhf”’ of '"ii-i-oi-- 

•>- ---on 

dis““^te?ref X;;;"' 

me'isLirprl in to,-., I Clements, a numerical niagnitucle. 
fool inch VZZ" 

which the clistancTV mensure?’"lV 

('j.'n-o Hi-tonoo ‘^easuiecl. If we prefix a positive sitj-in 

siCT ( - ) 1 ““swed .n .u,y given direclion, then a negati ve 

directioi!, prefixed to distances measured in the opposite 

DoJitim "7°’“*“''''^ "’“"s of defining the 

dirSa ^ . “! *■“ 5'“'" *e Mrror ; arhen the 

uXtraveU .h?T. “> ‘“W it wUoli the Ineideat 

wh“*7hfTel?rer''™‘T°''?”“'“ " ■■Wiftt “f ‘bo ttphere of 
Lm the Lie ^r, t “> ‘ho distance 

when used as n in' o *0 o cuivature. Since the reflecting surface. 
Mows haffh. t ? “’"■"d “'0 sohtoo "f %!«. if 

whilst that of a oo^ ** ■ of a concave mirror is positive, 

wausi tuat of a convex mirror is negative. 


Trigonometrical Eatios, — Let AB AC rFiV tR^ <- r 

inclined at an anele BAG = e Tn th J r V?’ 

• Ii theoretical investigations, 6 must be 

unceistood to signify the circular measur-e 
o ^ the angle BAG (p. 15). From any 
point, B, on one of the lines, draw BC 
perpendicular to the other line, thus form- 
ing a right-angled triangle. The side AC, 
joining the point A to the right angle C, 
IS termed the base, while the side CB, per- 
pendicular to the base, is termed the 

AB is termed the liypotenuTr''^Thin'’f remaining side 

ratios— -“ypotenuse. Ihen, for a given value of 6 , the 

P!IPCTdic^_ __ba3e_ perpendicular 
hypotenuse hypotenuse’ base 



Fig. i 8. — Trigonometrical 
Katios. 
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]H;rpt;n(liculiir 

JiriJoicnusir' ~ of angle BAG = sin 9. 

I )a.se 

= cosine of angle BAG = cos 9 . 


liypolcnusc 

IH‘r|)en(liciilar 


base 


- = tangent of angle BAG = tan 9. 


TIu- 


.\l* ^ very small demands particular attention. Let. 

* 1 , ’’ ' f lines inclined at a small angle. 

Dra w lit , jierpcndu'iilar lo AG, and 

U'illi A a.s cenlre, and AB as 
ladins, dc.si^ribe the circular arc 
jin, culling ilie lines in B and D. 

I Ill'll I ho circular niea.sure of the 
unglo BAG is e(]uul to — 

arc .BIJ/AB. 19. — Trigonometical Ratios of 

very small Angle. 

'J’lic perpendicular BG is nearly 

(..(pial in length to the arc BD, and tlie two become more nearly -equal 
as tlic angle BAG i.s diminished. Thus, for small values of tl- 

sin 9 = BG/AB = BD/AB = 9, 

to a (;lo.se approximation. Similarly— 



tan 9 — BG/AG = BD/AB = 9 (nearly) ; 

and 

co.s 0 = AG/AB = AG/AD = i (nearly). 

I he following table gives the circular measures, sines, cosines, and 
langents of some .small angles : — 


Angie 

; (ill degrees). 

Circular 
measure (6). 

.sin 0. 

1 

j tan 9. 

i 

] 

cos 6. 

I 

r*’ 

0-0175 

0-0175 

0-0175 

0-9998 

2 I 

0-0349 

' 0-0349 

0-0349 

0-9994 

5 " 

O-0S73 

0-0872 

0-0875 

0-9962 

10 ‘ 

0-1745 

0-1736 

0-1763 

0-9848 

IS" 

0-2618 

O-258S 

0-2679 

0-9659 

20’’ 

0-3491 ^ 

0-3420 

0-3640 

0-9397 1 
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Thus, for a small angle, the sine and tangent are each equal to 
the circular measure, to a close approximation; while the cosine 
approximates to unity. We shall often find it convenient to use the 
sine or tangent of a small angle as a first approximation to the circular 
measure of the angle. 

Reflection from Concave Mirror. — Let APB (Fig. 20) be 
a principal section of a concave mirror, of which P is the pole, 

and C is the centre of cur- 
vature. Let the radius of 
curvature, PC, lie equal to r 
(a positive quantity), and let 
O be a luminous point on 
the axis. Let OA be a ray 
in the plane of the paper, 
incident on the mirror at A ; 
it is required to determine 
the corresponding reflected 
ray. Join AC. Then, since 
AC is a radius to the spherical surface of which APB is a 
section, the small element of area surrounding A will be per- 
pendicular to AC, or AC is the normal to the sui'face at A. 
Then, since the incident ray OA and the normal AC lie in 
the plane of the paper, the reflected ray A I also lies in the 
plane of the paper, and lAC = ^ OAC = i (say) (p. 6 )■ 

We must now determine the position of the point I where the 
reflected ray AI cuts the axis. Let the points O and I be at distances 
equal to tt. and v respectively from the pole P ; in the figure, « and^ -a 
are both positive. From A draw AD perpendicular to the axis, 
meeting the latter in D. When AD is small in comparison with the 
radius of curvature of the surface, the distance PD will be small in 
comparison with ?/, v, or r, and we may, without committing any 
appreciable error, write — 

DC = r, DO ~u,TA = v, 

Let ^ AOC = O, ^ ACI = C, and 2 AIP = 1 . Then, since I is the 
external angle of the triangle AOI, of which the angle lAO is equal 
to 2z — 

1 = 21 + 0 ( 1 ) 

Similarly, from the triangle AOC — 

C = f + O. 



Fig. 20. — Incident and_ Reflected Kays, 
Concave Mirror. 


(2) 
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2C = %i + 2O. 

SnljlracLing (i) from (3), we obtain— 


(3) 


I — 0 },‘. I-fO — 2C (ij) 

So Fir the reasoning used has been perfectly rigid. We must now 
sulxstitutc apimiximate values of the angles O, I, and C in (4). When 
these angles are small, we may measure them by their tangents (p. 30). 
Thus, if DA ~ y — 

O = DA/DO = yjn, 

while 1 —yjv, and C - ylr. 

Then, from (4) — 

i' + 1' = 

V u r' 


Dividing through byj', we find that — 


I I _ 

» u 


2 

r 


(S) 


Equation (5) does not involve y, so that the same value of v 
IS obtained at wluitever point on the mirror the reflected ray 
originates. In other words, all rays fromO, after reflection at the 
mirror, converge toward a single point I on the axis, at a distance v 
from the pole ; and the value of v is determined hy (5). After pass- 
ing- through the point I, the reflected rays diverge, and on 
reaching the eye, appear to originate at a luminous point at I. 
Thus I is the reflected image of O ; and since the light actually 
passes through I, the image is said to be real. A small piece 
of white paper, held perpendicular to the axis at I, will exhibit 
a bright spot where the real image is situated. 


It must be remembered that equation (5) is only true when the angles 
O, I, and C are so small that the tangents may be substituted for the 
circular measures of the angles ; in other words, w'hen the ratio of the 
semi-aperture to the radius of curvature of the mirror is small. 

Reflection from Convex Mirror, — Let APB (Fig. 21) be a 
principal section of a convex mirror, of which P is the pole, and 
C is the centre of curvature. Let the radius of curvature, PC, be 
equal to r (a. negative quantity), and let O be a luminous point 
on the axis, at a distance PO == from the pole. Let a ray OA 
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in the plane of the paper meet the mirror at A. Draw ihe radius 
CA, and produce this to E ; then the reflected ray AR lies in 

the plane of the paper, and 
EAR = / EAO = / (say). 
Produce RA to cut the 
axis in the point I, at a 
distance v (a negative 
quantity) from P ; it is 
required to determine the 
position of the point I on 
the axis. 

Since i RAO ( = 2/) is the 
external angle of the triangle 
AIO, we have — 



Fig. 21. — Incident and Reflected Rays, 
Convex Mirror. 


2 i = I + O. 


Similarly, from the triangle AGO — 

z =: C + 0 ; . ’. 2; = 2C + 2O. , 
Subtracting (6) from (7), we obtain — 

2C + O - I = o; I - O = 2C. 


( 6 ) 

(7) 

( 8 ) 


It must be remembered that the angles O, I, and C are all essentially 
positive. Draw AD perpendicular to the axis, and let DA = y. Then, 
when the angles O, I, and C are small— 

O = I = - and C — - 
It V r 


negative signs being prefixed to terms involving the negative quantities 
V and r, so as to obtain positive values for the angles I and C. Then, 
from (8) — 



Since equation (9) does not involve 9/, it follows that all rays 
from O, after reflection at the mirror, appear to diverge from a single 
point I on the axis. Thus, the point I is the reflected image of O ; 
since the light-rays do not actually pass through I, but only 
appear to diverge from that point, the image is said to be 
virtual. 

Equation (9) is of exactly the same form as equation (5), so 
that, when due attention is paid to signs, a single, equation 
applies to both concave and convex mirrors. 
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Conjugate Toci.— Rays from an object at O (Figs. 20 and 21) 
after reflec ion at the mirror APB, form an imaje at I. TI e 
object need not, of necessity, be an actual luminous point, but 
ina} be an nnage formed by reflection from another mirror. If 
the object IS on the positive side of the mirror APB, u is positive 
and the object is real. If the object is an ima^ formed by 

iide 'of APB“'in i “i™’ " 

ide of A1 B, m which case u is negative, and the object is 
virtual. Further, since a ray, lA (Fig. 20) or RA (Fig. 21) liH 
be reflected al^g the path AO, it follows that an objfct (4lor 
vii trial) at I will give rise to an image at O. Thus, the points O 
and I are such that an object at one of them gives rise to an 
.mage at the other. The points 0 and ] a,-e teamed tonjngaTe 
foci with respect to the mirror. ® 

Principal Focus.— Let us now suppose that the object is at 

fin infinite distance from the mirror. In this case the'^incident 

S'" (P- 3), and since // = 

TW of "^corresponding to = 00. 

Inen, from (5) or (9)— “ 




( 10 ) 


parallel to the axis, when reflected at the 

’Thp""”!- f ^ distance / from the 

pole. The distance /is termed the focal length of the mirror ■ its 

value IS equal to half the radius of curvature. When the radius of 

positne and rays, originally parallel to the axis, are brought to a real 
focus after reflection at the mirror. When the radius of curvature 
IS negative (convex mirror), the focal length is negative and rays 
oiiginally parallel to the axis, diverge from a vhtual focus after 
leflection at the mirror. The point on the axis, at a distance / fmm 
the pole, is termed the principal focus of the mirror. 

ii fnl'r conjugate to a point at an infinite distance 

t fol ows that rays which diverge from the real principal tcu^ 
(/ positive) or converge toward the virtual nrincinal fnpne 

Sr*'' *“ “ft" ame 

Equations (5) and (9) may now be written — 

-+- = 7 - 

V u f 
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Relative Positions of Image and Object.—Let us now 
examine the equation — 


in order to determine the changes in the position of the image 
as the object is moved along tlie axis. 

1. Lei r he positive (concave mirror). — Wlien the ol)ject is at aii 
infinite distance, the image is formed at the principal focus, at ix 
distance rjz from the pole. 

As the oljject moves along the axis toward the mirror, the value of rr 
diminishes, and that of i/« increases, witlr the result that the value of 
i/r.' diminishes, and v increases. When u > r, v < r. 

Where u = r (i.c., when the object is at the centre of curs'atui'te 
of the mirror), v = r, or the image is formed at the same point mk 
the oliject. In this case each ray from the object falls normally” 
on the mirror, and after reflection, retraces its previous course. 

When the value of u lies between r/2 and r, the value of v is grcater 
than r, and lies between r and 00. When u = r/2, w = 00. 

When u < rjz (i.e., when the object is nearer to the mirror than the 
principal focus), iltozjr, and v is negative, so that the image iw 
virtual, being formed on the negative side of the mirror. 

When it =0 (i.e., when the object is formed at the pole of the 

mirror), 7 j = 0. For, from (ll)— 

» 

I zu — r ^ 7 ir 

V 7ir ■ ■ ■ 2U - 7' 

Substituting n = 0, we find that— 

0 

V ~ = 0. 

0 - 7 ' 

When u is slightly less than v approximates to - 00. Thus, as 

71 is varied from 7-/2 to 0, v varies from - 00 to 0, or the image moves 
up to the mirror from an infinite negative distance. 

When u is negative (i.e., when the object is virtual), v is positive, 
and its value changes from o (when zi = o), to r/z (when zi = - 
Thus, as the virtual object moves away from the mirror in the negativ'-e 
direction to an infinite distance, the image moves in the positive 
direction along the axis, from the pole to the principal focus. 

2. Let r be negative (convex z/iizToz-). — When zi is positive (is. , 
when the object is real), both terms on the right of (li) are negative, 
and tnetefore v is negative. Thus, a real object always fiyes rise tg 
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a virtual image in a convex mirror. When u = + 00, the imaPe R 
onm-d al the principal focus. As « is clhnini.shed, remaining positive 
u> mnneiiail value of i/r. increases, and that of v decreases!^ Thus 
Illy virtual image nl a real object, formed by reflection at a conve.x 
mirror, never lies farther from the mirror than the principal focus 
Wlum // ■= o, ilien w = o. The image moves from the principal focus 
to the pole, as the real object moves up from + 00 to the pole, 
vyiien the object is virtual, ?/ is negative. When the virtual object is 
situated at the principal iocu.s, all the reflected ray.s are parallel to the 
axis, and the image is formed at + 00. Thus, as the virtual object moves 
Iroin the jiole (u = o) to the principal focus {u = f = rji), the image 
moves from (he pole along the axis to + 00, and the image is thus 
real (compare Fig. 21, supposing RA to be the incident ray). Since 
IS numerically smaller than r/2, the sign of i/w is determined by 
ibal of (he .second term to the right of (ii), which is positive. 

When u is negative, and numerically greater than /, the sign of i/p 
in (li) is determined liy the sign of 2/r, which is negative. In this ■ 
case V is negative, and the image is virtual. As the numerical value of 
n exceeds that of /, the numerical value of i/z- increases, and therefore 
that of V dimini, shes, so that the virtual object moves up from - 00 
toward the mirror. When u = r, the image and object coincide, the 
ra}'s being reflected normally fl-om the inin-or. Thus, as tc increases 
(numerically) from 7^/2 to r, the image moves up from - 00 to 7\ 

When it is numerically greater than r, v is numerically less than 
r, but greater than r/2. Thus, as the virtual object moves from the 
centre of curvature to - 00, the virtual image moves toward the lens 
from the centre of curvature to the principal focus. 

The student should draw a diagram, .showing the paths of the 
reflected rays, for each of the cases considered above. 

Object of Finite Dimensions. — We have, up to the present, 
supposed the object to be a luminous point, or the image of a 
1 uminous point, situated on the axis of the mirror. We must now ’ 
determine the nature of the image when the object is of finite 
(l.)ut small) dimensions, and lies near the axis, in a plane per- 
jiendicular to the latter. 

Let OA (Fig. 22) be the object lying in the plane of the paper ; 
one extremity, O, being on the axis OE of a mirror of which the 
]5ole is at E, while OA is perpendicular to OE. Let DEG be 
the section of a plane perpendicular to the axis OE, and pass- 
ing through the pole E. Since the aperture of the mirror is 
supposed to be small in comparison with the radius of curvature, 
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the surface of the mirror will approximately coincide with the 
plane DEG, and if we arrange that the reflected rays pass 
through the proper points on the axis, M^e may draw them from 
the points in the plane DEG cut by the corresponding incident 
rays. The plane DEG may be termed the Principal Plane oi 
the mirror. Let C be the centre of curvature, and F the principal 
focus, of the mirror, which is supposed to be concave, so that E I' 
= EC/2. The image of the extremity 0 of the object will lie on 
the axis OE, as already proved ; we shall now determine the 



PtG. 22. — Graphical Construction for Image, Concave Mirror. 


image of the extremity A of the object, after doing wdiich the 
complete image may be drawn. To find the image of the point 
A, we must determine the point of intersection of any two 
reflected rays originally derived from A. 

(1) The incident ray AD, parallel to the axis, gives rise, on reflection 
at the mirror, to the ray DFB, passing through the principal focus F 
(p- 33 )- 

(2) The incident ray ACG, passing through the centre of curvature, 
is reflected back along its preHous path (p. 34). 

The point of intersection, B, of the reflected rays DB and GB, gives 
the image of the point A. A straight line, BI, drawn perpendicular to 
the axis, gives the complete image of OA. 

It is sometimes convenient to use rays other than those employed 
above. The paths of two more rays are easily determined. 

(3) The incident ray AFK, passing through the principal focus F, 
gives rise on reflection to a ray KB, parallel to the axis (p. 33), 

f4) The ray AE, incident at the pole of the mirror, gives rise to a 
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rellcclwl my JOB, such that BEO = AFD Ti ■ r n r ~ 

.1„, ,|„ „i, i, „;t„ “e * ” 

II w.ll W KquuuIy l» shown that the reaected raOs DB EB KB 
■tiitl (iB, all intersect in asinnle nnim T-! KB, 

■’I' IlHise rays fives tlie image of L ptiiM A 

(irnm'lT'An “'“‘■■“f "'I® "'C ■lirror is convea. 

whir!) virtu'illi nr ’ nse to a reflected ray 

ineli V I tu.1l ly proceeds froni the principal focus F. ^ 

lY'/leeiorl *)”' ' I * ' ’ /^" ‘'“^K'd toward the centre of curvature C is 
icilectcd back along its previous path. '-urvature L, is 



(3) I he ray AK, directed toward the jDrincipal focus F, gives rise to 
II reflected ray parallel to the axis. 

Ihif^ AEG = gives rise to a ray EL such 


rile various reflected rays, when produced backward, intersect in a 
point B on llie negative side of the mirror. The point B is the image 
ol A, and the complete image of OA is found by drawing a line BI 
perpendicular to the axis. 


P ig. 23 shows that when the mirror is concave, and the real 
object lies beyond the principal focus, the image is real and 
inverted. When the object lies nearer to the mirror than the 
principal focus, the ray reflected parallel to the axis is that which, 
w hen produced Ir.'ickwards, joasses through the principal focus 
h . Similarly, the ray which, when produced backwards, passes 
thioiigh tlie ccntie ol curvature, is reflected back along its 
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3 - The righl-an^lcd triangles DEE and BIF are similar, having 
eiiual angles al, I^'. Thus — 

IB/FI = ED/FK. 

VI ^ El - i-;f TJ -y; 

ED - OA - 0, since DA is parallel to the axis. 

FE - - KF -y; 

Then, ij(v -/) o/(-/). 


-/ 


1 _ 

0 ~ “ ■ y 


(14) 


haiuation (14) determines the magnilication in terms of r/ and /. 

4. The right-angled triangles ACO and BCI are similar, having 
eijual angles at C. Thus — 

IH/CI = OA/C<). 

('I - IC - (EC - h:i) - {r - v). 

C( ) ^ I'iO - liC ^ ti - r. 


Then, - i/(r - T') oy« - /■). 


r — ?> 
u - r 


■ . . (15) 


l';(jtiati()n (15) determines the inagnilioalion in terms of u, f, and r. 

If the rellec'ted rays DB, EB, KB, GB, all intersect in a single 
point, B, the expressions obtained for the magnilication in (12), (13), 
(14), (15) must all he e(|uiA'aIent. It can be proved that this is the 
ease. For instance, since — 

ilv=il/- i/u, 

= -/l- 

ii - y" ’ ’ « It - y ’ 

whi<'h proves the cipiality between (12) and (13}. 

.Similarly — 

_ ?y _ ^ ” ./ 

“ ~ v~f ' ' ~u~ '7 ’ 

\shich proves the eijuality between (12) and (14). 

.Since i/y -I- i/h' — 2/c, 

ilv - i//- = i/y - i///, 

and — 

r - V u - r _ V _ r - V 

nr ur ■ ■ * u a - r 


which proves the equality between (12) and (15). The etiuality of (12), 
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previous pa± The Ihc 

formation of the image in this case. 

image is virtual and erect. _ uliirrl 

%4 23 shows that, when the mirror is convex, a icil obji cL 

is erect” (Fig. 22), the distances IB and OA are nicasuied lioin 
tL axis inthelLe direction, and both have similar signs ho 
that the magnification is positive. When the image is inverted 
(Fi- 23), the distances IB and OA are measured from the axis 
in opp^ite directions, so that if one is positive, the oilier must 
be negative, and the magnification is negative. Wc must mnv 
find expressions for the magnification in terms of the (inamnies 
u V /, and r. For this purpose, Fig. 32 will be relerretl to, t ime 
tlmre the quantities mentioned are all positive. 1 he student 
should also verify each result with respect to Fig. 23. 

Tn Fiv '>'< let OA = 0, while IB = i. In the figure, ilie ratio 
Let EF EC = r, El == and E( ) - ■ ... 

are similar, since 


I. The right-angled triangles AKO and BEI 
L AEO = 2 BEI. Tlius— 


IB/EI = OA/EO. 


( 1 3i 


the negative sign being introduced for reasons (.’xplaiia-d al'nve. 
Equation (12) determines the magnification in terms of 7’ and n. 

2. The right-angled triangles AFO and KB'E are similar, having 
equal angles at F. Thus — 

EK/FE = AO/FO. 

FO = EO - EB' = u - y; 

FE - EF / 

EK — IB — i, since IvB is parallel to the u.xis. 
Then,i/(-/)-o/(/r-/). 


Equation (13) delennines the magnification in terms of tt aiid y. 
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(13), (14), (15) Pi-oves that the rays DB, EB, KB, GB, intersect in n, 
single point B. We may now write— 

i _ ^ ^ 

0 u It - f f ~ ‘ 

Equation (12) shows that when the object is real [u positive) the 
ratio i/o is negative, and the image is inverted, when v is positive (rea^ 
image) ; but i/o is positive, and the image is erect, wlrcn V is negative 
(Hrtual image). When the image is farther from the lens than Itu; 
object, the magnification is greater than unity, or the image is larger 
than the object; otherwise the image is smaller than the object, except 
when V — u, when the image and object are ecpial in size. 

Equation (13) shows that with a concave /«//■;•(//• (/ iiositive), when 
the object is beyond the principal focus [u >J), the image is inverted. 
When It = /, the denominator of the quantity to the right of (12) 
becomes equal to zero, and the magnification liecomes infinitely great. 
The image is, in this case, of infinite size, but situated at an infinite 
distance from the mirror. When u is positive, but less than/, the 
magnification becomes positive, and the (virtual) image is erect. ^ When 
u is negative, the magnification is always positive, and the image is 
erect. 

Equation (13) .shows that with a convex mirror (/negative) tlie image 
is always erect when u is positive. If u is negative, the image is 
erect when it is numerically less than /*, but inverted when u is numeri t’- 
ally greater than f. 

Intrinsic Luminosities of Image and Object.— Let an object 
consist of a small luminous surface of area A, placed perpen- 
dicular to the axis of a mirror, at a distance it from it. Let the 
reflected image be formed at a distance v from the mirror. 
Then, since the linear dimensions of the image and object arc in 
the ratio vju, their areas are in the ratio v^lu^. Thus, the area 
of the image is v'-k.iii'-. 

When unit quantity of light falls on the mirror, let a quantity 
k be regularly reflected, the rest being absorbed or lost in some 
other manner. The value of ^must always be less than unity. 

If the mirror has an area A^it subtends a solid angle A'///“ 
at the object. Let L be the intrinsic luminosity (p. 18) of the 
object. Then the quantity of light falling on the mirror pier 
second is equal to LAA'/w^ and the quantity reflected per 
second to form the image is equal to k'LlK.NlliiK The solid 
angle embraced by a pencil converging from the mirror to a 
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point of the image (if the latter is real), or diverging from a 
point of the image (if the latter is virtual), is equal to In 

either case is equal to the solid angle embraced by 

the complete pencil from a point of the image. Now, the in- 
trinsic luminosity of the image is equal to the rate of emission 
of light per unit solid angle per unit area of the image (p. 18). 
Thus, the intrinsic luminosity of the image is equal to — 


kTuAM ^ /A' ^ 


e^A\ _ /cLhA' 


KM 


= JcL. 


Thus, since k is always less than unity, the intrinsic luminosity 
of the image is always less than that of the object. Since the 
visual estimate of the brightness of an object or image depends 
on the intrinsic luminosity and not on the distance (p. 18), it 
follows that an image formed by reflection from a mirror can never 
appear brighter than the object. 

This law only applies to cases where a definite image is 
formed (p. 19). Thus, the image of the moon in a reflecting 
telescope never appears brighter than the moon itself. On the 
other hand, the image of a star in a telescope becomes smaller 
as the aperture of the mirror is increased, ciuite irrespective of 
the focal length of the mirror ; the stars are so far away that a 
true image of one would approximate to a mathematical point. 
Hence, since the light from a star is concentrated over a smaller 
area in proportion as the aperture of a reflecting telescope is 
increased, the apparent brightness of the image of the star is 
also increased. 

A luminous object radiates light in all directions, so that rays 
from it pass through all points of the pupil. The rays from an 
image are confined within a solid angle equal to M\v^. If this 
solid angle is so small that rays do not pass through all points 
of the pupil, the image will appear less bright than the object, 
even if k =■ i. 

Ellipsoidal and P.\raboloidal Mirrors 

Aberration.— The results obtained (pp. 30 to 32) from the 
application of the laws of reflection to spherical mirrors are 
obviously only approximately true ; they apply only when the 
incident and reflected rays are neai'ly parallel to the axis. If 
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the aperture of the mirror is small, the results obtained wil 
apply^to air the rays falling on the mirror ; but when the apeitui e 
is large, the whole of the rays derived from a luminous point on 
the axis will not, after reflection, pass through a single point on 
the axis. This departure from the approximate laws already 
developed is termed spherical aberration ; the consequences of 
this departure will be investigated in a succeeding chaptei. 

It is impossible to design a mirror of such a form that rays 
point on the axis shall, after reflection, form a point. focus, ! cal oi 
virtual, on the axis. But it is possible to construct a mirror which slnill 
bring rays, derived from a particular \yomt on the axis, to a point focus 
on the axiL Such a mirror is sakl to be aplanatic, and the conjugate 
point foci are termed its aplanatic foci. 

Elliasoidal Mirror.— Let ABC (Fig. 24) bo “o of *0 
ellipse ABCD. of which F, and F., .-u'e the geomelncal foa. 

^ The diameter Bh2hiD) 

passing through the foci, 
is termed the major axis 
of the ellipse. If we 
suppose Fig. 24 to rotate 
about the a.\is BD, the 
arc ABC will generate a 
surface constituting part 
of an ellipsoid of revolu- 
tion. We may therefore 
consider the arc ABC to 
constitute a principal sec- 
tion of an ellipsoidal 
mirror. 

It will now be shown 

that any ray, EjE, derived from one of the foci, Thuf? 

along EF,,, so as to pass through the remaining focus, rhis j 
and Fy are the aplanatic foci of the mirror of which ABC s 
a principal section. 

Let E be any point on the ellipse. Join IhE and EF..j. ^ 

must be shown that the lines F,E and EF.^ are equally inchned to the 
small element of the curve in the neighbourhood of E. In this case 
the lines FiE and EEy will be equally inclined to the noimal at L, and 
if F^E is an incident ray, E^E will be the reflected ray. 



Fig. 24.—Ellipsoidal Mirror. 
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Let G be a point close to E. Join FjG and GF.^. Then, if the arc 
EG is extremely small, it will approximate to a straight line, and the 
lines FjE and FjG will be approximately parallel, as will be the lines 
F3G and FgE. With P\ as centre, and radius FjE, describe the 
arc ]?H. With F,, as centre, and radius F^G, describe the arc GK. 
When GE is extremely small, the figures GEIi and EGK approximate 
to triangles with right angles at H and K respectively. Also, since 
FjE and P\G are approximately parallel, the angle EGH measures the 
inclination of FjG or F^E to the arc EG. Similarly, the angle GEK 
measures the inclination of EFg or GF,_j to the arc EG. 

By a fundamental property of the ellipse, the sum of the distances of a 
point from the foci F and F2 is constant for all points on the curve. 
Thus — 

F^E I- EFa = Fj^G -I- GF.^, or F^E + EK -I- KIC F^ll + IlG + GF.,. 

But FjE = Fill, and KFj = GIG. 

EK = HG. 

'Now — 

cos GEK = EK/EG\ .• . cos GEK = cos EGH, 
cos EGH =HG/EGJ and z GEK = / EGH. 

Thus, the lines FjE and EF2 are equally 
inclined to the element of the curve near E, 
and if FjE is an incident ray, EF2 will be 
the reflected ray. 

Paraboloidal Mirror.— As the distance 
between the foci of an ellipse in- 
creases, the ellipse approximates more 
and more closely to a parabola. Thus, 
if we wish to design a mirror which shall 
bring all rays from an infinitely distant 
object to a point focus (Fig. 25), we 
must give the section of the mirror the 
form of a parabola, while the "surface of 
the mirror has the form of a paraboloid 

of revolution. Mirrors for astronomical telescopes are given 
this form. 



Fig. 25. — Paraboloidal 
Mirror. 
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Questions on Chapter II 


1. Given the law of reflection, prove that the image of an object in a 
plane mirror is on the perpendicular to the mirror, and as far behind as 
the object is in front. (A. 1891.) 

2. When a horizontal beam of light falls on a vertical plane mirror, 
which revolves about a vertical axis in its plane, show that the reflected 
beam revolves at twice the rate of the mirror. (A. 1889.) 

3. Prove that when light falls directly on a concave spherical mirror 
of radius r, from a point at a distance u from the mirror, then an image 


• . I I 

IS formed at a distance v, where - + - = (A. 1802.) 

V It r 


4. If the mirror MM (Fig. 17, p. 26) is concave, while the telesco|:)e T 
is removed, and a small illuminated aperture is placed inunediately 
below the scale CD, prove that a real image of the aperture will he 
formed on the scale, when the distance from the scale to the mirror is 
equal to twice the focal length of the latter. 

If the mirror is deflected through an angle 0, and the image is di.s- 
placed through a distance d eras, on the scale, prove that— 


e = — 

zr' 

where r is the radius of curvature of the mirror in centimetres. 

5. A real image is formed by a concave mirror, and this is (i) observed 
directly, and {2} thrown on a white screen. How will the brightne.ss 
of the image seen in either case depend on the aperture of the mirror ? 

6. A real object is situated at the centre of curvature of a concave 

mirror.^ Show by a graphical construction that the image is inverted 
and coincides in position with the object. ’ 

7. A virtual object is formed at the centre of curvature of a convex 
imrror.^ Shoiv by a graphical construction that the image is inverted 
and coincides m position with the object. 


CHAPTER III 

APPLICATIONS OF THE LAWS OF REFRACTION 

Introductory. — A statement has already been made (p. 8) 
of the law.s governing the refraction of light at the interface 
between two different media. Before applying these laws it 
must be remarked that the value of the refractive index ix depends, 
not only on the nature of the media separated by the interface, but 
also on the colour of the refracted light. Thus, when blue light is 
transmitted from air into water, the index of refraction has a 
slightly greater value than would be found for yellow or red light. 
In the present chapter the dependence of the refractive index on 
the colour of the refracted light will be ignored. The results 
obtained will be strictly true for light of a definite colour, such 
as the yellow light emitted by a Bunsen flame into which some 
common salt has been introduced ; they will be only approxi- 
mately true for ordinary white light. 

The laws of refraction may, by the aid of suitable apparatus, 
be verified by direct experiment. However, our confidence in the 
truth of these laws rests, not so much on the result of any single 
experiment, as on the perfect agreement between the theoretical 
deductions from them, and the results of accurate observations. 

Definitions. — When light is refracted at a surface separating two 
different material media, the ratio of the sines of the angles of incidence 
aird refraction will, in the following pages, be termed the index of re- 
fraction at the surface. When light is refracted from a vacuum (or, 
what is very nearly equivalent, from air) into a material medium, the 
ratio sin y'/sin r will be termed the refractive index of the material 
medium, 
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Plank Refracting Surface 

G-raphical Construction for Refracted Ray.— Let AB 

(Fig. 26) represent the section of a surface, perpendicular to the 
plane of the paper, separating two dififerent media. Let the 

index of refraction from the 
upper to the lower medium be 
equal to g, and let IC be a ray 
in the upper medium incident 
on AB in the plane of the paper. 
With C, the point of incidence, 
as centre, describe two circular 
arcs, DE and FH, of which the 
respective radii are in the ratio 
^/i. Through G, the point 
where the arc FFl is cut by the 
incident ray, draw a line perpen- 
dicular to AB ; and from K, the 
point where this perpendicular 
cuts the arc DE, draw the line KG to the point of incidence. 
Then KC, produced into the lower medium, gives the direction 
of the refracted ray. 

Let CN be the normal at C. Draw KL and GM perpendiculai 
to CN. Then, .sine of angle of incidence GCN = MG/CG, while sure 
of ancle KCN = LK/CK. Since LK = MG, and, by comstrucUon, 
CK - M X CG, sin GCN = MG/CG = x LK/CK = m KCN. Thus, 
KCN is the angle of refraction, and KC produced is the refracted ray. 

Law of Refraction for Small Angles of Incidence. When 
light is incident normally on a refracting surface, z = o, and 
sin i = o. In this case, since sin z = m sin r, we must have 
sin?' = o, and?' = o, or the light is transmitted normally, without 
refraction. When the angle z is small, r must also be small, and 
Ave may, Avithout sensible error, substitute the circulat measuies 
of the angles for the sines (p. 29). In this case— 
i — gr, 

a relation which we shall subsequently find useful. 

Reversibility of the Path of Light. — Let a ray, 1C (Fig. 36), 
incident at a point G on the interface between two different 


|N 



K 

H— i 


m' 

\ \ 

A i;t 



d A/ ^ 


Fip. 26.— Graphical Construction for 
Refracted Ray. 
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media, give rise to a refracted ray CR in the lower medium. If 
we reverse the ray CR, as, for instance, by reflecting it normally 
from a plane mirror, experiment shows that the reversed ray RC 
gives rise to a refracted ray travelling along the path Cl in the 
upper medium. This is an instance of the follov'ing general law : 
If light, after suffering any number of reflections and refractions, 
has its final path reversed, the previous path of the light will he 
completely retraversed in a reversed direction. 

of refraction from the upper to the lower 
meclmm ( Wg. 26). Then, if the angle of incidence, ICN, ie eoual to 
7 , while the angle of refraction, RCN', is equal to c— 

•sin //.sin r 

On reversing the ray CR, the new angle of incidence at C i.s equal to 
h ^ angle of refraction into the upper medium is equal 

lo ICN ?. I hen, il ns the index of refraction from the lower to 
the upper medium - 

sin r/sin z = ^2) 

Multiplying together corresponding sides of (i) and (2), we obtain— 


^ ' li«2 X 2M1 ; 2^1 = l/a|U2- 

Thus, the index of refraction from one medium (B) to another (A) is 
equal to the reciprocal of the index of refraction from A to B. 

Eefraction through a Plate.— Let AB, EF (Fig. 27) be 
sections of the parallel bounding surfaces of a plate of glass or 
other transparent medium, 
of which the index of re- 
fraction is equal to p. The 
surfaces of which AB, EF are 
the sections, are supposed to 
be perpendicular to the plane 
of the paper. Let there be 
a vacuum above and below 
the plate. A ray, IC, inci- 
dent in the plane of the paper 
at an angle /, gives rise to 
a refracted ray, CD, in the 
plane of the paper, since the 

normal at G is in the plane of the paper. Let r be the angle of 
refraction at C ; then— ^ 

sin r/sinr = ^u, 



Fig. z/.— R efraction through a Plate. 


' ' ' (3) 
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The ray CD is incident at an angle r on the surface EF. ’I'he 
emergent ray DK lies in the plane of the pa]3er ; if it makes an 
angle r ^A’ith the normal — 

sin r/sin r' = i/;a (4) 

Multiplying together corresponding sides of (3) and (4), we 
obtain — 

sin ?ysin 7-' = i, or sin i — sin r'. 

Thus r' — and tie emergent ray DK is parallel to the incident 
ray IC. 


The ray DK is displaced laterally with respect to IC. Produce IC, 
and from D draw DM perpendicular to IC produced. Then Ihe lateral 
displacement is equal to MD. 

From C draw CN normal to AB, cutting EF in N. Let CN, the 
thickness of the plate, be equal to t. Then — 

CN/CD = cos;-; CD = //cos?-. 

MD/CD = sin DCM = .sin (?' - ?•). 

. nw • V N /sin(7-7-) 

cos r 

Thus, the lateral displacement of the ray is proportional to /, the 
thickness of the plate, and, by making f sufficiently .small, the di.splace- 
ment may be made as small as we please. 

E.xpt. 2.— Obtain a rectangular parallelopiped of glass, and place 
it cm a sheet of drawing paper. Run a pencil along two opposite 
edges, AB and EF (Fig. 27), so as to mark the positions of these on the 
paper. Place two pins (upright) in any straight line, IC, on one side 
of the gla.ss, and arrange two more pins in a straight line, DK, on the 
opposite .side of the glass, so that on looking through the glass along the 
row of pins, all four appear to be in a straight line. Remove the glass, 
and draw pencil lines, IC and KD, through the positions of the "pins* 
cutting the lines AB and EF in C and D. Show that IC is parallel to 
DK. Join CD, and draw the normals at C and D. Measure the angles 
of incidence and refraction at C and D, and calculate the refractive index 
of the glass. 

Befraction through a Compound Plate. — Let ICDEF 
(Fig. 28) be the path of a ray which successively traverses two 
parallel plates with a common interface AB. Experiment show.s 
that the emergent ray EF is parallel to the incident ray IC, 
provided that the same medium e.xtends above and below the 
compound plate. 


m 
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Fig. 28 -Refraction through a 
Compound Plate. 
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of incidence at C i.s equal to / then ^ ^ 
the ray CD enters the upper ’plate 
at an angle, r^, determined by the 
equation — 

sin f/sin r, = 

The angle of incidence of the 
ray CD on the interface AB is 
equal to rj. If the angle of refrac- 
tion into the lower plate is equal to 
f>2, and if is the incle.v of refrac- 
tion from the upper to the lower 
plate, then— 

■ sin rj/sin 

The lay DE is incident nt on ^ 1 

since the ray EF emerges into"? v? 

have- ^'^'icuum at an angle /, we 

sin ;-2/sinf= 1/^2, . , . 

where p, is the refractive index of thp in ^ 

togelhav con-espondins sickrof ( ) andT,? ‘f 

obtain ~ \ 7 ), and using (6), we 

• 3^2 = P2/Mi» ‘ ' 

'tsr;/™ ihriX'„T'‘'r'i' »■■■ » 

to g]as.s, the index of refraction from air to 

value scarcely differing from p. ' ^ ^fltial to p/i -0003, a 

Let light he successively refracted nt « n n 1 
ating (« -I- I) media, of which the first and las ’ 
rest differ. Then the angle of incide'me f ^ the . 

to the angle of emergence from the last kiiface 
mMn, „P„ be the respective indices of refractimi it if' ^ ^ 

- l)lh, and Pth .surfaces. Then if <^he ist 2nd, 3rd, . . . 

^nen, it the angles of refraction at the 

E 


sin rj 


: ^ - 
M2 
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1st, 2nd, 3rd, and «th surfaces are respectively equal to 

?2, r.,, r,,,, /, we have- 

sin /'/sin i\ = j/Uj. 
sin rj/sin ra = aM.r 
sin rg/sin r3 = 3,^4. 

sin r/Zsin r„i = 
sin 7 ',,,/sin i — „,Uj. 

Multiplying all of these equations together, we obtain— 

1M2 ' eMii * sM 4 * * * 

sin i . sin 1\ . sin ;rj . . • sin _ j 

sin7'i . sin7'a . . . sin 7',,, . sin 7 

Total Internal Reflection.— When light is refracted from a 
dense to a rarer medium, the index of refraction, /, is less than 
unity. If i is the angle of incidence of a ray in the denser 
medium, then the ray refracted into the rarer medium is inclined 
at an angle r to the normal, given by the equation- 

sin r = sin ilp! (8) 

Now, the sine of 90'' is equal to unity, and no angle can be 
found with a sine greater than unity. Thus, for (8) to lead to a 
real value of r, we must have sin /'/p.' equal to, or less than, 

unity. Consequently, for a re- 
fracted ray to be formed, the 
greatest possible value of is 
given by the equation — 

sin 7 = p'. 

This value of i is termed the 
critical angle. For angles of 
incidence exceeding the critical 
value, no light is refracted 
through the surface, all of it 
being internally reflected. 

Fig. 29.— Total Internal Reflection. The paths of a^ numbei of 

rays from a luminous point, 
situated beneath the surface of a dense medium, are shown in 
Fig. 29. The ray OB, incident at the critical angle, gives rise 
to a refracted ray which travels along the surface of the medium 
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ItrcSl the .urfece, the angle BON is 

are totally reflected hnernany™' >^0^ 

b;- ■" '*' = '/"■ «-' “itiT i of 

sin / = i/iii. 

42° (nearly). For water = , •,,) ,|,e' c, -1/1001“”* °i ‘° 
to 49'^ (nearly). ^ cntical ang-Ie is equal 

it-o -anface wete plw dl^r a'/h I" "T 

the water and the amoked .wtrface', a/d all r/ys' "lllhtg'o^rht 'f! 

angle., greater than 49”, are totally reflected. * 

covmdbyrpIrSleUayerofTnfe’di^^^^^^^^ 

fl, I the free surface of the medium leftacttve mdex 

ft. Then i, can easily L^/rdttef 1”^^/“' ""l^ 

value for the Sum A le,f * f ^'t““eding the critical 
on the free surfSof R a " f'’* » ""i” foU 

angle for B, and will thus be' totally teteted/ '"“S 

dance, r. egtS^oteSSallffSe^S SnS; - if 

^ Sin f/sin r = . •. sin =. sin z\, 

Since r is the angle of incidence on the free sm-firp r,r r t. . 

-seen that the light refiacted into B fall., „„ the fr/e SellX ’'C ’'l 
■^nglc. It is easily seen that an increase of / lea itV 
•hat if f exceed, the critical valS^ ”, “ ’"r“ 

critical value for medium B. the 

The above result can be utilised in a mpfUmd r 
ally determining the refractive indev ■ / of experiment- 
iitigle. of a liquid' ”f "« d'-Moal 

E 2 
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Expt. 4.— a wooden box, open ah one end, is provided with two 
narrow vertical slits in opposite sides. The closed end of the box is boied 
normally to receive a rod provided with a pointer ; the latter rotates 
above a scale of degrees pasted on the errd of the Irox. Inside the box a 
cell is attached to the rod. This cell ’is rrrade from two pieces of plate 
gla.ss separated Iry narrow strips of paper lard between opposite edges, 
the space between the plates being sealed off from its surroundings Iry 
means of sealing-wax or bicycle cement. The cell is attached to the 
rod with its plane faces parallel to the latter. 

A rectangular vessel, with plate-glass sides, is filled with the liquid of 
which the refractive index is required, and the wooden box is inverted 
over it, the cell being immersed in the liquid. Adjustment is rrrade so 
that, on kroking through one of the slits, the other slit is seen through 
the liquid and the cell irrrrrrersed thereiir. It is best to place a Buirsen 
flarrre, into which sorrre conrmorr salt ha.s been iirtroduced, on an iron or 
platinrrrrr wire, opposite the slit to be viewed. Rotate the cell till the 
slit ilhrirrirrated by yellow light jrrst disappears, the light beirrg totally 
reflected from the air film. Observe the position of the pointer, and 
therr rotate the cell in the opposite directioir till the slit agairr disappears. 
The atrgle through which the cell is rotated befween the two disappear- 
ances is equal to twice the critical angle of the liquid for the yellow light 
of the sodium flame. 

Totally Eeflecting Prisms.— In optics, the itxm prism- is 
generally applied to a body bounded by three planes wliich intei- 
sect in three parallel straight lines. A plane perpendicular to these 
lines of intersection cuts the prism in a triangular section, teinied 
a principal section of the prism ; the angles of the triangle are 
termed the angles of the prism. For the moment we need only 
consider a prism of which the angles are equal to 45*^, 45°, 
and go". 

A ray of light, after entering such a prism normally through one 
of the mutually rectangular faces, will fall on the hypotenuse face at 
an angle of 45°, which is greater than the critical angle for glass. It is, 
therefore, totally reflected, and emerges normally from the remaining 
face of the prism. In this manner the direction of a ray may be deflected 
through an angle of go” with only a small loss of intensity. 

In the optical projection of apparatus on a screen, an inverted image 
is olitained. Where inversion is disadvantageous, an appliance termed 
an erecting prism may be employed to produce an erect image. An 
erecting prism is merely a glass prism with angles of 45°, 45°, and 90°. 
A ray, incident- on one of the mutually rectangular faces in a plane 
coinciding w'ith a princijial section, and in a direction parallel to the 



Fig, 30.— Erecting Prism. 
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to its original direction. The 
manner in which inversion is pro- 
duced can be readily understood 
from Fig. 30. 

Image formed by Eefrac- 
tion at a Plane Surface. — Let 

AB (Fig. 31) be the section of 
a plane surface, perpendicular 
to the plane of the paper, separating two media of different 
optical densities. Let the media below and above the surface 
. possess refractive indices respectively equal to gj and g.. ; in 
hig. 31, ga>gj. Let O be a luminous point in the plane of the 
paper, at a peijendicular distance C (= ,r) below the surface. 
Let a lay OD from O be_ incident, in the plane of the paper, at a 
small angle i. Since OC is normal to the surface, the angle DOC 
The refracted ray DE, corresponding to the in- 
cident ray OD, must lie in the plane 
of the paper. Produce ED back- 
wards to cut CO (produced) in I, 
and let Cl = v. Then, if the re- 
fracted ray is inclined to the normal 
at an angle r, this angle is equal to 
DIG. ^ Also (p. 46), since the angle 
of incidence, z, is small — 

z = ~i\ 

H 

Further, since we may measure 
the angles z and r by their tan- 
gents — ■ 


is equal to z. 



Fig. 31, — Image formed by 
Kefraction at a Plane Surface. 


CD^g,CD_ 


H 


. . j Now, this relation between v and 

« IS independent of the exact position of the incident ray OD 

froro' M ^ incidence is small. Thus, all rays 
from O, which are incident on the surface at small angles, must 
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diverge from a virtual focus, I, after refraction at the surface, 

so that I is the image of O. 

If the medium surrounding the object is optical y laiei tha i 
that on the other side of the refracting surface, fia/Mi is gi^tei 
than unity, and 7/ is greater than as in Fig. 31 - 
2/ is less than u, or the image is nearer to the surface than the 
object. When an object, immersed m water of refractive index 
equal to /x, is viewed normally to the free surface, we must wiite 
= Then- 

ulv = JM.. 

This gives us a means of determining the refractive index of 
a liquid. 

Exi’T. q.— Obtain a cylindrical glass vessel, about 30 or 40 cms. in 
height, and place a small fragment of chalk at its bottom to serve as an 
object. Fill the vessel with water, and measure the actual distuncc, u, 
of the chalk from the water surface. On looking down into he water 
the chalk appears to be raised above its true position. To obtain he 
position of^L image of the chalk, place a small, ho^zon tel, pointed 
gas flame above the surface, and adjust till there is no f 

between the image of the flame reflected m the water 
image of the chalk. A piece of glass tubing, drawn out to a f ne point, 
may be used as a burner for the flame. The distance fiom ^ 

to the surface of the water is numerically equal to y. Calculcitc the 
value of the refractive index of the water. This will be found to be 
equal to I -33, or 4/3. 

Thus, an object situated below the surface of water appears, when 
•viewed normally to th. suttaeo, to be at ttaee-jnarter. elite real 
distance below the surface. 

EXPT 6— Place a fine-pointed needle at the bottom of a small 
beaker, 'and view this by means of a low-power microscope > which can 
be raised or lowered through measured distances. Read the position of 
the microscope, then fill the beaker with a liqiiic , again focus he micio^ 
scope on the needle, and obtain a reading. Pinally, sprinkle a few 
framnents of cork dust on the surface of the water, focus the microscope 
on one of these, and obtain a third reading. The diHerances between 
the first and third readings gives the value of u, while that between the 

1 A traveling 

Lr’uk? kalhetoineler, and is invaluable in a 

physical laboratory. 
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™d and third readings gives z;. Calculate the refractive index of the 

The refractive index of a thick plate of glass, on opposite surfaces nf 
which ink marks have been made, may be found in a similar manner. 

When an object below the surface of water is viewed in a 
dnection considerably inclined to the normal to the surface, the 
apparent distance of the object will not be that obtained above, 
n hig. 29, if we produce any two neighbouring refracted ravs 
tackwards, their point of intersection pves the position of the 
image formed l,y the pencil bounded by those rays. Thus it 
becomes evident that, as the direction of vision becomes mire 
and moie inclined to the normal, the image rises to a greater 
height Within the water. ^ giecucr 

PlfSf f T Refraction through a Transparent 

Plate.- Let an object be viewed through a transparent plate 
with paiallel faces, placed perpendicular to the line of vision- 
Let /X be the refractive index, and t the thickness of the plate.' 
If IMS the distance of the object from the surface of the plate 
opposed to It, then the image formed by refraction at^tlS 
suiface will be at a distance {\xu) fromt he latter (p. 5 •3). This 
image serves as a virtual object with respect to the refracf'>n at 

JLT”i hf ’ this virtual object 

f om the latter IS equal to (gi.+/), and refraction occurs from 
he plate into air, the distance of the corresponding image from 
the second surface of the plate is equal to— 

= {u + till). 

The distance of this image from the first surface is equal to 
(« + //jx-/) so that, when seen through the plate, the object 
appears to be nearer than it really is, by a distance equal to 
Am - 1 )/m. 

Refraction through a Prism.— Let ABIC (Fig 3-^) be the 
principal section of a prism of a transparent medium, supposed 
to be surrounded by air. Let us consider the refraction of 
a ray of light which enters the prism by one face, AB, and 

another face, A K, Avithout having suffered internal , 
leflection. The edge A of the prism is termed the refracting 
edp, and the angle KAB is termed the refracting angle of the 
prism. Let LC be a ray incident on AB in the plane of the 
paper, at an angle zj. If ^ is the index or refraction of the 
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mfedium composing the prism, the refracted ray CD is inclined 
to the normal at an angle determined by 

9111 /i/sin ri = jU* 

Let the ray CD be incident on the face AK at an angle r .^ ; 
then the ray DE refracted into the air lies in the plane of the 

paper, and makes an angle G 
with the normal, in accord- 
ance with the equation — 

sin /o/siii — g. 

Thus, the rays LC,CD,DE, 
all lie in the plane of the 
paper. Produce the incident 
ray LC to F, and produce the 
emergent ray DE backwards 
to meet CF in G. Then the 
angle FGE, which will be 
denoted by measures the deviation which has been produced 
• in the ray LC by refraction through the prism ; this angle is 
termed the angle of deviation. 

From Fig. 33, it is easily seen that GCD = while 

^ GDC — — Then, since FGD is the external angle of the 

triangle GCD, and is therefore equal to the sum of the internal 
opposite angles GCD and GDC — 



Fig. 32. — Refraction through a Prism. 


5 = 


+ 1-1 - >'■>• 


Angle of Minimum Deviation. — When and q, together with 
the refracting angle of the prism, are known, and can 

be calculated, so that the angle of deviation, S, becomes known. 
The deviation varies with the value of and experiment shows 
that, with a given prism, there is a certain value ofz^ foi which 
the angle of deviation has a minimum value. The smallest 
ralue which, for a given prism, the deviation can have, is teimed 
the angle of minimum deviation. 

Expt. 7. — Rule a straight line across a sheet of paper mounted on 
a drawing board. Fasten one of the triangular faces of a prism to the 
flat head of a drawing pin, make a small vertical hole in the drawing 
board through a point oh the ruled line, and insert the shank of' the 
drawing pin. The prism can now be rotated freely. Place two 
common pins upright at different points in the ruled line, on one side 
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of the prism. On looking through the prism in a suitable direction 
these^ two pins can be seen. Place two more pins upright in the 
drawing board, on the same side of the prism as the eye, in such 
positions that these, together with the pins seen through the prism, 
appear to be in a straight line. We thus obtain the positions of an 
incident, and the corresponding emergent, ray. Notice that, in passing 
through the prism, the ray is deviated atvaf from the refracting edge. 
Rotate the prism through a small angle, again obtain the position of the 
emergent ray, and note the change in the angle of deviation. Repeat 
tins procedure, rotating the prism through small angles in the same 
direction. Oliserve that for one particular position of the prism the 
deviation is less than for any other position. Mark the positions of the 
incident and emergent rays for the position of minimum deviation, run 
a pencil point round ^ the sides of the prism, and after removing the 
lattei, mark the direction of the ray inside the prism. 

Itcan now be proved that, for a ray to suffer minimum deviation, 
the angle of incidence, 7], and that of emergence, must he eq[ual, 
and the ray CD (Fig. 33) within the prism must he equally inclined 
tc the two faces. 


Imr let the angles rj and Zo (Fig- 32) he unequal when the ray LC 
siiflei-s minimum deviation. Reverse the emergent ray DE 5 then the 
ray ED, incident at an angle U_, gives rise to the ray CL, emerging 
at an angle q (p. 47) ; the deviation is the same as before, and must 
therefore have a niinimum value. Thus, the ray LC, incident at an 
angle q, suffers minimum deviation, as does the ray ED, incident at an 
angle and there must consequently be two angles of incidence which 
lead to minimum deviation, which 
is contrary to e.xperience. Thus, 
h ~ H' hi this case i\ = r.,, and 
/ACD =• zADC{Fig. 33): 

Determination of Refrac- 
tive Index. — When, with 
respect to a given prism, the 
refracting angle a=KAB (Fig. 

33) is known, and the angle of 
minimum deviation S = FGE 
has been observed, the refrac- 
tive inde.x of the substance 
calculated. 



t'lG. 33.— Angle of Minimum Deviation. 

composing the prism can be 


I 01, let i?! « ty 


S = 


while = 
2(7 - r ) ; 


' ■’'2 = r. Then (p. 56)- 

. = (5 + 2Z'-)/2. 
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Also, UAC = a, ACD ^ ADC ^ g - r). Then, since ihe three 
angles of a Iriangle are together equal to two right angles— 

z; DAC + ACD + z: ADC = v, or a + 2 {(Tr/ 2 ) - r\ = ir. 

. • . r — a/2. 

i = (5 + 2 r )/2 = (5 -I- a)/2. 

_ sin i _ sin {(a + 5)/2]- 
^ sin?" sin (a/2) 

Exl'T. S.— From the results of Expt. 7, calculate the refractive 
index of the prism supplied to you. 

Deviation produced by Acute-Angled Prism.— Let light 
be incident at a small angle on a prism with a very small 
refracting angle, a. 


From Fig. 32, since i DAC + z; z\CD + ^ ADC 

a + {(7r/2) - Z'l'f + {(ir/a) - r.^ = 

. • . + /'a = 0. 

Then, since q = (P- 46)> and i-i = 

5 = (,a - i) (a T ^2) = (/z. - i)«" 

Image formed by Refraction through a Prism.— When a 
ray is refracted through a prism, so that its angles of incidence 
and emergence are equal, the deviation of the ray is a mmimurrn 
It follows from this that if a narrow divergent pencil is refracted 
through a prism, so that the axial ray of the pencil follows the 
path of minimum deviation, then the emergent pencil diveiges 
from a virtual point focus, and is similar to the incident pencil. 
For the angles of incidence of the extreme rays of the pencil 
differ but slightly from the angle of incidence of the axial lay, 
and the deviation changes but slowly with the angle of incidence 
when the latter is nearly equal to that corresponding to minimum 
deviation. Similarly, when crossing a valley, on reaching the 
lowest point, or point of minimum height, we travel, for a short 
distance, in a horizontal straight line, without either ascending 
or descending. 

Thus, an object, .seen through a prism, is most distinct when the axial 
ray of the pencil reaching the eye has followed the path of mmmium 
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deviation (Fig. 34). For other paths the extreme rays of the pencil 
are deviated by different amounts, the ray on one side of the pencil 
being deviated more, and 
that on the opposite side of 
the pencil less, than the axial 
ray, and on emergence, the 
rays do not diverge from any 
single point. This result 
will subsequently be found 
useful. 

Spherical Refracting 
Surface 

Definition s. — The 

terms used in connection with a spherical refracting surface are 
similar to those applied to a mirror. The terms ce7itre and 
radius of curvature^ principal section^ aperture^ pole^ and prm- 
cipal axis have the meanings defined on p. 27. The position 
of a point on the principal axis is defined by its distance 
from the pole ; distances measured from the pole in a direc- 
tion opposite to that of the incident light are positive ; those 
measured from the pole in the direction of the incident rays 
are^ negative. A concave refracting surface has a positive 
radius of curvature, while a convex refracting surface has a 
negative radius of curvature. 

In order to completely specify a spherical refracting surface, 
the index of refraction at the surface must be given, in addition 
to the data necessary to define the surface as a mirror. 

Refraction at Concave Surface.~Let APB (Fig. 35) be 
a principal section of a concave surface, separating' a vacuum 
(or air), on the right, from a medium of refractive inde.x equal 
to g, on the left. Let C be the centre of curvature, P the pole, 
and OP the principal axis of the surface. Let O be a luminous 
point on the axis. Let a ray from O be incident at E in the 
plane of the paper. The radius CEN, drawn through E, forms 
the norrnal to the surface at E. Then the refracted ray EF 
also lies in the plane of the paper, and if produced backwards, 
will cut the axis at a point I. 

Let OEC = z, while z b EN= z IEC=r. When i is small, i = un 
Then z OEI = (/ ~ r) = (/a - i)r. 



Fig. 34.— Image formed by Refraction 
through a Prism. 
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Let / ECP = C, while l EIP = I,- and ^ EOP = O. Then— 

/ ECP = j OEC + z EOC, or C ~ jur + O. . (i 
Also — ' 

/ EIP = z OEI I- z EOC, or I = (/^ - i)r + O. . (2 



Fig. 3s.— Incident and Refracted Rays, Concave Surface. 


Multiply (1) throughout by (^ - i), and (2) by and subtract. 
Then— 


Ml - (m - I)C = O ; Ml - O = (m - I)C. 

When the angles 0 , C, and I are small, they may be measured bv 
then- tangents (p. 29). Draw ED perpendicular to the axis, and let 

(= «‘^ar]y) = 2/, 

and PC (- DC nearly) = r^. Then, reasoning as on p. 31, 

(MJ'/e») - {//«) = (m - i);//ri. 


_ I _ M - I 

V u~ Ej ^3) 

Since tbs equation is independent of j, all rays from O, inclined 
at a small angle to the axis, will form a refraked pencil virtually 
diverging from a point I. Thus, I is the image of O, and the relation 
between the distances of the object and its image is given by (3). 

Eefraction at a Convex Surface-. —Let APB be a principal 
section of a convex surface, separating a vacuum , (or air), on the 
right, from a medium of refractive index equal to m, on the left. 
Let C be the centre of curvature, P the pole, and OPC the 
principal axis, of the surface. Let O be a luminous point on 
the axis. Let a ray from O be incident at E in the plane of 

through E. then, since 
CEN, a line in the plane of the paper, forms the normal to the 
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Produce IE to F. Let a OEN = f, While a lEC - FFh, 

“S ’a‘S'i'o= C'hile'^'Ecf = 'V = <' ^ ^ 

ttnsles are .supposed'to have posidve va^ties”’ tSL" 

a OEN = a ECP + a EOP. or mv = C + O. . u) 
OEF = a; EIP + ^ EOP aw.. / ^ ^ 

or (^ - !);•= I + 0 . . (5) 

Multipl)! (4) throughout by (w - nnH {e\ ’^ 1 

Then— ^ T tt« ij, and (5) by 4, and subtract. 

- (m - i)C + O = oj + o = (4 _ i)c. 

.u^ro™rdTS“tV^!ll' When the 

Also, o = ;////-. Then— J/O and t y/r-^, 

- + ylu ^ ~ (fi ~ i)ylr^^ 
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the spherical surface ; and llic general fornuila connccliiu'; Uie dislances 
of image and olijecL from the ))i)le may lie written — 


Since the refracted ray always occupies a position on the negative 
side of the surface, it is plain that, for the image I to he real {/.f, for 
light to actually pass through the point 1 ), v must he negative. When 
V is positive, the image I is virtual. When light is refracted from a 
medium of refractive index jUj, to one of refrachivc index we must 
substitute for jU in (7). 

Conjugate Foci. — Light from a point 0 (Fig. 36), in tlu; 
medium to the right of the refnicting surface, i.s Irrought to ;i 
real focus 1 at a point in the medium on the left of tlie surHu'e. 
Since the path of the rays may be reversed, it lumiitoti.s point at 
I, in the medium to the left of the refracting surface, will form 
an image O on the right of the surface. Thus, 0 and 1 are 
conjugate foci. 

In Fig. 35, a divergent pencil from O, after entering the medium 
to the left of the refracting surfitce, appears to diverge from the virtual 
focus I ; hence a pencil in the medium to the left of the surface, 
converging toward the virtual object I, will, after refraction into the 
medium to the right of the surface, converge toward the real image O. 

■tF 

Principal Foci. — There are two points on the axis of a 
refracting surface which merit special attention. In equation 
(7) above, let 2/ = co ; then i/w = o ; further, the rays tifter 
refraction at the surface are parallel to the axis. Sulrslituting 
ifv — o in (7), we find that — 

l/u = ~ {fi~ l)/r; .-. « = _ r/{fi - i). 

This value of ti is termed the First Principal Focal Distance of 
the refracting surface ; it may be denoted by/j. A point at ;i 
distance/i= - ?'/(g - i) from the pole of the surface, is termed the 
First Principal Focus of the surface. An incident ray proceeding 
from the first principal focus (/j positive), or toward that point (/j 
negative), gives rise to a refracted ray parallel to the axis. 

In equation (7), let = 00 ; then ilu = o ; further, tlie inci- 
dent rays diverge from an infinitely distant point on the axis, so 
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that they are parallel to the axis. Substituting- iju = o in (y) 
we find that— ' 

= (/i - i)r; 77 — firj(^ - i). 

This value of 71 is termed the Second Principal Pocal Distance 
of the refracting- surfixce ; it may be denoted by /g. A point at 
a distance/g = /x 7 V(/x-i) from the pole is termed the Second 
Principal Focus of the surface. An incident ray parallel to the 
axis gives rise to a refracted ray proceeding from the second 
principal focus positive), or to-ward that point (/g negative). 

It is easily .seen that — 

At/j = o. 

If the media on the positive and negative sides of the surface have 
refractive indices re.spectively equal to and ^0, then we must 
substitute Ato/^j for jU in the above re.sult.s, when we find that — 

+ /2/A2 = o. 

The two principal focal distances of a surface always have 
opposite signs. For a concave surface (r positive), the first 
principal focal distance is negative, while the second principal 
focal distance is positive. For a convex surface (r negative) 
the first and second principal focal distances are respectively 
positive and negative. 

Relative Positions of Object and Image. ~(i) Concave Surface.— 
When the object i.s at the centre of curvature, rays from it fall normally 
on the surface, and refraction does not occur. In this case image and 
object coincide. When /x is greater than unity, the .second principal 
focal distance, Tg, is positive. Substituting in (7) (p. 62), we find — 

^Iv - iju = a/^' = i/« + a/A 

Thu-s, when u is positive (real object), v is positive, and the image is 
virtual. It can easily be proved, from a diagram similar to Fig. 35, 
that when u is less than r, v is also less than r ; when n is greater 
than r, v is also greater than 7-. In both cases the image is nearer to 
the centre of curvature than the object. 

{2) Convex Snrface.—lw this ca.se r is negative; and the second 
principal focal distance, f , is negative, while the first principal focal 
distance, is positive. Then — 

fijv = iju ~ i//,. 
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Wlien 7! L srealer Ilian/,., 7' is negative, and a. veal image is formed 
on the negative side of the refracting surlhce. When n is less than/,, 
V is positive, and the image is virtual. 

Object of Finite Dimensions.— Let LPM (Fig. 37) be the 
axis of a concave refracting surface of which the pole ts at P and 
the centre of cur- 
vature at C. Let 
the medium on 
the left of the sur- 
face possess a re- 
fractive index /i, 
while a vacuum 
(or air) is to the 
rig-ht of the sur- 
face. LetOA.be 
a small object, of 
which one end, O, 
is on the axis, 
while OA is per- 
pendicular to the axis. The image of the point O will be 
formed at a point I on the axis. To find the image of the point 
A, we must determine the intersection of two refracted rays, 
initially derived from that point. 

Through P, the pole of the surface, draw a plane perpendicular 
to the axis. This plane, termed the principal plane, has properties 
similar to the principal plane of a mirror (p. 36). 

Let PF2=/ = - F)) where r is the radius of curvature of 

the surface. Then 1 2 the .second principal focus. Siinilaily, if 
= _ rliix - i), F, is the first principal focus. Since the .surface 
is concave, 7' is positive, and the focal points have the positions shown. 
Tlie following rays may now be determined from the results previously 
obtained : — 

1. The ray AD, parallel to the axis, gives rise to a refracted ray, 
virtually proceeding from the second principal focus I" 2 (p- 63)' 

2. The ray AE, directed toward the first principal focus, gives rise to 
a refracted ray parallel to the axi.s (p. 62). Produce this refracted ray 
liackwards. 

3. The ray ACK, pa.ssing through the centre of curvature C, is trans- 
mitted at the surface without refraction. 



Fm. 37.— Graphical Construction for Im.age, 
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4. Tlie axis PM is normal to the surface at P. Thus, a ray AP 
incident at a small angle APO, gives rise to a refracted ray inclined at 
an angle BPO to the axis, where — 


/ APO = fix ^ BPO. 


The point of intersection, B, of any two of the lines DB, EB, PB, 
and KB, gives the image of the point A. It can be proved that 
all these lines intersect in a single point. A line BI, drawn from 
B perpendicular to the axis, gives the image of OA. 

The construction for a convex surface, separating a medium 
of refractive index /x, on the left, from a vacuum (or air) on the 
right, is given in 


Fig. 38. The stu- 
dent should find 
no difficulty in 
fo 1 1 0 w i n g the 
construction em- 
ployed. 





0 F, I 

fi positive , /i negative. 


If there is a va- 
cuum (or air) to the 
left, and a medium 
of refractive index 
g to the right, of 
the surface, the object being in the latter medium, we must sub-stitute 
i/m for M in (7) (p. 47)- Thu.s,/i = - i), and /^ = - ;-/(^ i). 


Fro. 38. Graphical Construction for Image. 


^ As will be proved in Chap, VII, the optical system of the eye 
is approximately equivalent to a chamber filled with a medium 
of reft active index fi =4/3, and provided with a convex window 
of which the radius of curvature r is equal to -5 mm. In this 
case ~ ^5 mm., and —20 mm. A consti-uction similar 
that used m Fig. 38 maybe employed to find the ocular 
linage of an object placed in front of the eye. The object 
will naturally be placed beyond the first focal point. In 
that case the ray AE must be drawn so as actually to pass 
through Fj. 

Magnification.— In Fig. 37, let OA = PD = o, while IB = 
t E - 1.^ Then the magnification produced by refraction at the 
surface is equal to i/o. For the meaning of a negative sign in 
connection with magnification, see p. 38. 


F 
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Let PO " while PI — w. Then — 

1. From the similar triangles DPF.^, BIF3, 

IB/PD = F.aI/F.,P = (PE. - IT)/PEa ; i/o = (/, - »)//. • (8) 

2. From the similar triangles EPFj, AOF|, 

PE/OA=FiP/FiO= -PFi/(PO-PFi); i/o= -/i/(«-/i) ■ ( 9 ) 

3. From the similar triangles AOC, BIG, 

IB/OA = CI/CO = (PI-PC)/(PO -PC); i/o =^7; - r)/(w - r) (10) 

4. Since the angles APO and BPI are supposed to lie small, they 
may he measured Iry their tangents. Thus — 

/*(IB/PI) = OA/PO; i/o = 77 /;a?/. ... (li) 

Thus, collecting re.sults, we find that — 

1 = - (z; -/a)//a = -/i/(« -/i) = '(» “ ^■)/(“ " r) = 7-/^7/. 

0 

Using equation (7) (p. 62), together witli the values of /j and /a, the 
student should find no difficulty in proving that these expressions for 
the magnification are equal (compare p. 39), and thus proving that the 
various construction lines in Fig. 37 intersect in a single point B. It 
forms a useful exercise to determine tire magnification from Fig. 38. 

From (i i) it follows that when v is negative the image is real 
(p. 62), and the magnification is negative ; then the image is 
inverted. When v is positive, the image is virtual and erect. 

Lenses 

Definitions. — A lens is a portion of a refracting medium 
bounded by two curved surfaces, generally spherical in contour. 
One of the surfaces may be plane, in which case it may be con- 
sidered to form a small part of a spherical surface of infinite 
radius ; just as a small portion of the earth’s surface is sensibly 
plane, though it foiTns part of a very large sphere. A line 
drawn through the centres of curvature of the two surfaces of 
the lens is termed the principal axis of the lens. When one 
surface is plane, the principal axis is normal to that surface, and 
passes through the centre of curvature of the other surface. The 
points where this axis cuts the surfaces of the lens, are termed 
the poles of those surfaces, In the present chapter it will be 
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either indiffereX Dish , “ f™n 

direction opposite to thaj of thrincMent ™l,t‘‘a' 

those measured in the reverse ^ Positive ; 

the peripheral boundary of the lens is" circuh, 

the boundaiy is termed fte aperturs of the let t ° f 

lens through the principal aL. is te.™d tS4arSot ““ 

1 4T' “tet,.: .rr. 

crease m thickness toward the peripherv A Jd ^ ^ 

1 }• A IS teiiiied double-convex, 



or bi-convex. B is termed 

ing as the plane or the convex suTc?''/ accord- 

is termed convexo-concave, or concavo en incident rays. C 

increase in thickness toward the periphen' D " ^ 

concave, or bi-concave, E is termed r.T ^’ ^ 

and F is termed oonvexo-ooneave, or c™ YoT/v^!' 

Refraction through a Lpnc t ^ i 

medium of refractive index u and be^V^ "" 

air). Let a luminous point be situated n^^fh 
u fvom the nearer surface of the lens Th ^ distance 

of curvature of this surface and 7/ is n r”’ 
formed by refraction thereai, ,»e have (p' ei)- “ 


. M - I 


(I) 


the lens. Then'1hrhnatr7omi^Vl°^^^ °r surfaces of 

ine image foimecl by refraction at the first 
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surface will be at rU distance (7/ -I-/) from the ijole of the second 
surface. Let the radius of curvature of the .second surface bo 
equal to Since the second refraction takes place in passing 
from the medium composing the lens to a vacuum (or air), the 
index of refraction at the second surface is equal to i//x. Then, 
if the image formed by the second refraction is at a distance 
V from the pole of the second surface, we. have — 

(Vm) " I . . i M I - ^ <2) 

V r/ + if r,, ’ ' ' V v' -I- 1. Cy ' ' 


If the lens is thin, t may be neglected in comparison with v'. 
Then — 


I M _ I “ M 

V V* J\) 


(3) 


If we add (i) to (3), we eliminate v'. Then we olitain- 

I) 


r. - 7 - (m 


( 4 ) 


Thu.s, light from a point on the axis, at a distance it from the lens, 
forms an image at a distance v from the lens. When 7) i.s positive, 
the image i,s virtual ; when v i.s negative, the rays actually pass through 
the image, and the latter is real. 


Principal Foci.— Let 7/ = 00, so that i/w = o in (4). Then 
the refracted rays are parallel to the axis, and the corresponding 
position of the object is given by — • 


I ' 
tt 


X 


(S) 


The value of 71 determined from (5) is termed the First Principal 
Focal Distance of the lens ; this may he denoted by/j. Then a point 
on the axis, at a distance^ from the len.s, is termed the First Principal 
Focus of the lens. A ray proceeding from the first principal focus 
(pi positive), or toward that point (/j negative), is rendered parallel to 
the axis after refraction through the lens. 

Let u = 00, so that ijt( — o in (4). Then the incident rays 
are parallel to the axis, and the corresponding position of the 
image is given by — 


( 6 ) 
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refracted ray which virtually proceeds from the secoM principal 

throu^rthrpTt 

It is obvious from (5) and (6) that the two focal lengths 

Snt Tlu s'thel '“'f °PP«site in 

i,nb. Ihub, the two focal points are on opposite sides of thp 

wVo« l: ' 2f'f “i‘ f'™’ '• - 

fo«.i SiTth lir'-Erfif fr'ii “i ‘ir 

lens_ 'f / ly the focal length of a 

7 =(^- 

Then (4) may be re-written— 

ijv - ifu - iff 

Focal Lengths of Characteristic Lenses.— i. Bi-Coiivex Lem —The 
radius of curvature of the surface facing the incident rajs fs nenativt 
that of the lemaining face being positive (Fig. 39) If R and S iI-ip 

Vs' 


( 7 ) 


(m- i)( 


U s 


Since ^ IS .supposed to be greater than unity, we see that the focal 
length of a bi-convex lens is negative. 

If we turn the lens end for end, = - S, and r.^ = R. in this case 
It IS e^ily seen that the focal length is the same as before 

r 1 rays, 

] , and i/;i _ o. The radius of curvature of the second surface 

must be positive. Let r, = -f S. Then- 


1 //- (m - i) { - (i/S)} = 


(/r - I)(l/S). 


Srihat' iVv lens Is nsgallve. It is sasil, 

r= as before “ “'"■ ‘1' '“8* V 

sarLV aT„Vr“ ‘Ill “ntres of curvature of both 

rtaees ate on the positive side of the lens, so that and e, are both 
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positive. If is greater than i/n is less thiui i/r., and tin: fucal 
length is negative. In this ca.sc, repre.scnte(l by C (Kign 3y), the lliick- 
ness of the lens decreases toward the periphery, lurning tlui lens end 
for end leaves the focal length unaffected. 

If is tess thank's (both being positive), i/r, is greater than l/r.j, and 
the focal length is positive. In this case, represented liy I' (I'ig. yj), the 
thickness of the lens increases toward the periphery. 

4. Bi-Concave Lens.— la this case the radius of curvature; <•( the 
surface facing the incident rays is positive ( = -|- R, say), while that oI 
, the remaining surface is negative (= - S, say). Ihcn 


and the focal length is positive. The thickness ol this lens increases 
toward the periphery (Fig. 39, D). 

5. Plano-Concave Lens . — Here = 00, and r.^ is negative ( = - .S, 

say). Then — 

i//=(/x- I) (I/S), 


and the focal length is positive. The thickness increases toward the 
periphery. 


Thus lenses which increase in thickness toward the periphery 
have positive focal lengths, while those which decrease in thickness 
toward the periphery have negative focal lengths. 


After refraction through a lens of negative focal length, ray.s, initially 
parallel to the axis, converge to a real focus ; .such lenses are termed 
convergent. After refraction through a lens of positive focal length, 
rays, initially parallel to the axis, diverge from a virtual focus ; such 
lenses are termed divergent. 


Eelative Positions of Image and Object. —i. Dweri^ent 
Lens . — From the equation — 

ilv = iju + i//, 

it is evident that if /"is positive (divergent lens), a positive value 
of u gives a positive value of v. Thus, a real object produces a 
virtual image. Also, since the value of i/y is added to that of 
liu, to give the value of i/w, the value of i jv mu.st be greater 
than that of iju, and w is less than u. Thus, the image is nearer 
to the lens than the object. 
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2. Converge 7 it Let/be negative, and numerically equal 

toF. Then— 

\\v = iju - i/F. 

If lju is less than i/F {i.e. if te is greater than F, and the 
object is farther from the lens than the first principal focus), 1/2/ 
is negative, and therefore v is negative, and the image is real. 

If lju is greater than i/F {t.e. if u is less than F, and the 
object is nearer to the lens than the first principal focus), ijv is 
positive, and therefore v is positive, and the image is virtual. 

Object of Finite Dimensions.— Let LM (Fig. 40) be the 
axis of a lens, of which the poles are situated on opposite sides 
of the point P. 

If the lens is 
thin, both poles 
may be con- 
sidered to be 
situated at P. 

Through P, 
draw a plane 
GPK, perpen- 
dicular to the 
axis. This plane 
may be termed 
the principal 

plane of the lens ; its properties are similar to those of the 
principal plane of a mirror or refracting surface (pp. 36 and 64). 
Let Fi and Fg be the first and second principal foci of the lens ; 
in Fig. 40, the position of these foci correspond to a divergent 
lens. Let OA be a small object, of which one extremity, O, 
is on the axis, while OA is perpendicular to the axis. To find 
the image of the point A we have the following construction 

I. A i-ay AD, incident parallel to the axis, gives rise to a 
refracted ray virtually proceeding from Fg, the second principal 
focus (p. 69). 

3. An incident ray AE, directed toward the first principal 
focus Fi, gives rise to a refracted ray parallel to the axis (p. 68). 
Produce this latter ray backwards. 

3. The axis is normal to both surfaces of the lens at the poles. 
Consequently, the tw'o sides of the lens are mutually parallel in 



Fig. 40. — Graphical Construction for Image. 



73 


LIGHT FOR STUDENTS 


(•I I A I'. 


the immediate neighbourhood of the poles, and since the lens 
is thin, a ray AP, incident at P,is undeflected, just as if it passed 
through a very thin plate of glass. 

The point of intersection, B, of any two of the lines DIi^, 
EB, and PB, gives the image of A. A line BI, drawn from H 
perpendicular to the axis, gives the complete image of OA. 

Fig. 41 shows the construction when the lens is convergent. 



Fig. 41.— Graphical Construction for Image. 


Magnification,— Let OA = PD = 0 (Fig. 40), while IB ~ 
PE = i. Then the magnification produced by the lens is 
measured by the ratio i/o. When this ratio is negative, the 
image is inverted (p. 38) ; otherwise the image is erect. Let 
PO = zr, while PI = vz. Let/i = -/, and /^ = + / Then / is 
the focal length (p. 69) of the lens. Thus, in Fig. 40, PF.) ~ 
while PF| = -/. 

1. From the similar triangles BIP, AOP, 

IB/OA = PI/PO; .-. i/o = (8) 

2. From the similar triangles EPFj, AOFj, 

PE/OA=FiP/FiO=-PFi/(PO-PFi); i/o= +//(« 4-/) . (9) 

3. From the similar triangles BIF.., DPF.), 

IB/PD = IiyPF., = (PF., - PI)/PF.,; i/o - - (zz -/)// . (10) 
Thus — 

i/o = Wzz =//(«+ /)--(zz -/)//. , . . . (n) 

By the aid of the equation— 

\\v - i/u = i//, 

it is easily shown that (8), (9), and (10) are equivalent, which 
proves that the lines DB, EB, and PB intersect in a single point. 
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Two or more Lenses in Contact.— Let two tliin of 
foCcil lenyths equal to /] and be adjusted so that both. liaAt; a 
common axis. Then, if a luminous point on the axis, at a 
distance u from the first lens (that of focal lenj.ttfi t\\ .eives rise, 
by refraction through the first lens, to an innige at a di-t.uii e : ' 
from the latter, we have— 

ijv' - I’jtl - ■ilf\ 

Let / be the distance between the two tliin lenses. Then the 
image formed by the first lens is at a dist.ince iy' -f / from tin? 
second lens ; and, as this image takes the jilace of ohjei t witfi 
respect to the second lens, eve may determine the di-»t;(ncL' ; 
of the final image from the second lens from the et|Uation - 

i/r - i/(a'-t- 1 ) - I,/'- ' ! p 

When the distance between the lenses is very s!n,il! as, for 
instance, when the lenses are in conttict >, we may neglect /. 
when (13) becomes— 

ijV - ijv'= 1/% • 14) 

Adding (i::) and UdX we eliminate tC and obtain — 
iJv - i/u = i;’/i i/c 

When the incident rays are parallel to the a\i~. t u -■ o, 
Let F be the corresponding value of 7' in 13 : then F in the 
second principal focal distance (or the focal length) of the k tin 
combination. From (15;— 

i/F ^ 1//^ -i 1 y.^. ... (iot 

In words, two thin lenses, of focal lengths/, and /... when placti 
in contact, are equivalent to a single lens of focal length 1, 
determined from (16). The single lens of focal length f , when 
placed in the position occupied by the lens combination, produces m 
image of a given object, in the same position and of the same lii® as 
that produced by the combination. 

It is easily proved, by extending the reastniing alit ady U't I. ff .? 
a number of thin lenses, of focal lengllis le.’fHrtivrlv f ' ' 

/sj - - - /»< are jointly equivaleiil. when plareri in i.agaii i ia widi 
another, tu a single lens uf focal length F, dttennintd fy 

l/F = l//j -f iT, -r ... - I in. . 
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In using this formula it must be remembered that - • ■ J ti 

are the second pi'incipcil focal lengths oi the respective lenseSj unci 
due care must be taken to give these their appropriate signs. 

Power of a Lens.— Equation (17) shows that when anumbcr 
of lenses are in contact one with another the algebraical sum of 
the reciprocals of their respective focal lengths is equal to the 
reciprocal of the focal length'.of the equivalent lens. This result 
suggests that, for purposes ' "of i/calculation, it is convenient to 
deal with the reciprocals of the: focal lengths rather than with 
the focal lengths themselves. ' The reciprocal of the focal length 
of a lens is termed the power, or dioptric strength, of that lens. 
Ophthalmic sui'geons use a unit of power termed the dioptre. 
This is thepoAver of a lens of i metre focal length. It is further 
agreed that the power of a convergent lens shall be positive, 
while that of a divergent lens shall be negative. Thins, to 
find the power, in dioptres, of a given lens, express the focal length 
in terms of the metre, obtain its reciprocal, and change the sign of 
the result. The power of a combination of lenses in contact is 
equal to the algebraical sum of the powers of the constituent 
lenses. 

Two Lenses separated by a Finite Distance.— When two 
lenses, arranged so as to have a common a.xis, are separated hy 
a distance too great to be neglected, it is impossible to find it 
single thin lens which, when placed in any fixed position, shall 
produce an image of the same size, and in the same position, 
as that produced by the combination. But a single thin lens 
can be found, which, when placed at a suitable fixed point, pro- 
duces an image of the same sise, but not gefterally in the same 
position^ as that produced by the combination. This lens is 
said to be equivalent (in the restricted sense defined above) to 
the combination. 

Let PiQ, PjR (Fig. 42), be the respective principal planes of 
two lenses, arranged so as to have a common axis LM, the 
distance PgPi between them being equal to d. Let OA be an 
object perpendicular to the axis ; it is required to find the 
position and focal length of a single thin lens, which shall pro- 
duce an image of OA of the same size as that formed hy 
refraction through the knses P^Q and P^R, whatever may he 
the position of OA. Fig. 42 is drawn on the supposition that 
the lenses P^Q and PgR are both divei’gent. 
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Let. AB be a particular incident ray from A, meeting the axis, when 
produced, in a point E. Let the direction of this ray be such that, 
after refraction through P^Q, it follows the path BC, and finally, 
after refracti(m through l^R, travels along CD parallel to the axis. 
Let BC produced cut the axis in L. Produce CD backwards to G ; then 
it is obvious that the size of the final image is determined by the dis- 
tance of the ray CD from the axis. To determine the image, let the 
incident ray AS be directed toward the first principal focus of Pj.Q ; 
the corresponding refracted ray ST emerges from PjQ parallel to the 



I' IG. 42.— Graphical Determination of a Lens, elAtvalent to a Combination of Two 

Lenses. S 


axis, and after refraction at ICR, virtually proceeds from U, the second 
principal focus of PgR. Then, the point of intersection A' of the lines 
CG and TU gives the final image of A, and a line from this point, 
drawn perpendicular to the axis, gives the complete image IjA'. 

Let the lines CG and BE intersect in H, and through PI draw HK 
perpendicular to the axis. Let us remove the lenses I^Q and PgR, 
and substitute in their stead a thin lens with pole at K and principal 
focus at E, its principal plane pa.ssing through HK, perpendicular to 
the axis. Then the incident ray AH gives rise to the refracted ray 
HD parallel to the axis. Draw AK through the pole of the lens HK. 
Then the point A", where the lines AK and CG intersect, gives the 
image of A formed by refraction through the lens liK, and the line A"L, 
drawn perpendicular to the axis, is the image of AO. It is obvious 
that A"L_3 = ATj, and the lens PIK, of which the first principal focus is 
at E, is equivalent to the lens combination PjQ and PjR. 
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The distance EIv, which is equal lo the fucal length of t.hc equivalent 
lens, can be found as follows. The triangles BI’iE, HKE, are similar, 
and HK = CIV Also the triangles IH’iL, ClbL, are similar. Then — 

EK/El*i = = Cr.VBl’j Llb/LlV 

.-. EK =. (El>, X L 1 >.,)/L 1 V 

I'uitliei, since the ray BC, directed toward emerges from tlie lens 
P-jR parallel to the axis, L must be the Jirsl principal focus of P.,R, and 
- ILL ^ the focal length say) of the lens P„R. a'Iso the 
points L and E are conjugate with respect to the lens I’^Q. Let 
the lens PiQ have a positive focal length equal t(j Then— 


EK 


I/IVL - i/p,E = i/y;. 

EP, = - P,E = [f X LP^)/(y; -I- LP^). 
El’i X IdL yi X LP., f f 

Ji +}>>, -I- d’ 


LPi Jf+~LP, 

since LPi = LP.^ + l-P, =f + «r. Thus, if the focal length of the 
equivalent lens is equal to P' {= EK), 

d 

. . (i8) 


f _ f 2 . f \ d I I 

^ ~ A M: 


Equation (i8) has been obtained from Fig, 42, which is 
drawn on the supposition that A and/^ are both positive. It 
will fuinish an instructive exercise for the student to prove that 
(18) also holds when either or is negative, or when both 
are negative. 


Let In Fig. 42, a is negative; when a is positive, 

the equivalent lens must be placed in front of the first lens P ,0 of the 
combination. Then, as proved above — 

EK/EPj = LiyLPi. 

■ ■ _ F f^ 

EK - P,K ■ F - a -fATd 


a 


I 4 


d , Pi' 

cincl d , 

j‘i A 


lens must be placed at a distance (- dY\A) 
lu front of, or at a distance ( + dYfff) behind, the first lens. 

Aplaiutic Surface, and Toci.— The formula expressing the 
^ distances of an object and its image from 

a lens has been obtained on the supposition that the rays from 


rll 


APPLICATION S OF THE LAWS OF REFRACTION 


11 

Sita’d "■ wL'T ™iy 

complied with the Dencil nf i-i f conditions are not 

refraction through the lens to' 

common point of bterseclion / 

present chapter apply only to a lens of deduced in the 

departed from to a con i aperture ; they are 

lark and Zs IpaZ^tTn^eT:! " 

impossible to desitrn a lens nf m ^ aberration. It is 

all of the rays falling „„ i, from™»^ pS“’ the 2is tf '"'"1' 

~\£-tg“h\.a;“faiL^ ?F be‘v<;ns:^:^:rs 

the axis, L a ^^s » le “ 

be aplanatic and i-hp nc-f- i '• ^ l^^s is said to 

image are telmeclapknatiefMi.'"' “hject and 

surf:«^™h'"i„tJe^^arc\SS'ar?I 

being the axis. Let ^ ^ produced 

the surface separate a 
vacuum (or air) on the 
left from a medium of 
lefi active index ju on 
the right. Let r be the 
radius of curvature of 
the surface, and let 0 
be a luminous point, on 
the axis, at a distance 
CO = rjix from the cen- 
tre of curvature. Let 
OD be any ray from O, 
in the plane of the 
paper, falling on the 
surface at D, and let T)F i-,o ^-i 

through the surface. Since refracted 

produce it backwards to cut thfaxi "n ^ ° 

may be proved that Cl = »- .4 n ” point I. Then it 

tion at the surface, diverge^from the sbgH Stk 

From Snell’s law- 

sin IDC/sin ODC = /t. 



Fig. 43-— Aplanatic Foci of Spherical 
Refracting Surface. 
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Since any two sides of a triangle are in the same ratio as the sines of 
the opposite angles, and CD = r, 

_ S- — — r^oc 

CO ;-/jU ^ sinODC' 

sin DOC = sinlDC, and /l DOC — -i IDC. 

Further, ^ DOC = ^ IDO -I- ^ DIO ; . c IDO -I- ^ DIO = / IDC 
= IDO + ODC. ^ DIO == ODC. 

From the triangle IDC, 

CI/CD (= Cl/r) = sin IDC/sin DIO = sin IDC/sin ODC - jn ; 

Cl — ixr. 

Since this result is independent of the angle which the incident ray 
CD makes with the axis, it follows that all rays from the point 0 are 
refracted so as to virtually proceed from the point I. Thus O and I 
are the aplanatic foci of the surface APB, 

The above result is utilised in the construction of very high 
power microscope objectives. The object to be viewed is 
immersed in cedar-wood oil, and the lowest lens of the micro- 
scope objective consists of a glass licmisphere, the plane face of 
which i& turned toward the object, and is immersed in the oil. 
Since the refractive index /a of cedar-wood oil is equal to that of 
the glass, the above conditions will be complied with if the 
object is placed at a distance rljji. from the plane face of the lens, 
r being the radius of the hemisphere. It is easily seen that the 
magnification produced is equal to jxK This arrangement is 
generally termed Abhe’s homogeneous immersion, from its inven- 
tor. It possesses other advantages which will be explained in 
the chapter on diffraction. 

Problem.— A lens is placed in front of a small illuminated 
aperture in a white .screen. Find the condition that the light 
internally reflected from the back surflrce of the lens, shall farm an 
image on the screen close to the illuminated aperture. 

Let jx he the refractive index of the lens, and let the illuminated 
apertuie be at a distance u from its first surface, of which the radius of 
curvature L equal to Then the distance zi' of the image formed 
by refraction at the fir.st surface is given (p. 62) by— 

filv' = i/« + (^ - 
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If the lens is thin, and v' is equal to rg, the radius of curvature of the 
second sin face, then all rays will be incident normally on the second 
surface, and their paths will be reversed. In this case an image of the 
aperture is formed on the screen. Then 


P-h '2 — (m ijAa + 1/^2 = + (/“ - i)/ri. 

+ in- - i) {lA'i - lA'a} = ijti + I//, 
where /is the focal length of the lens. 

Then — 


uf 

)'n ~ 

u +/■ 

Intrinsic Luminosities of Image and Object.— Let an object 
of area A be situated in a medium of refractive index a, at a 
distance tt from a surface on the negative side of which is a 
medium of refractive index ,1^. If the image formed by re- 
fraction at the surface is at a distance 7/ from the latter the 
linear dimensions of image and object will be in the ratio 
(p. 66), and the area of the image will be equal to 
If L IS the intrinsic luminosity of the object, and A' is the area 
of the refracting surface, the rate at which light falls on the 
latter is equal to AA'L/^^^^ and if the whole of the light falling 
on the surface goes to form the image, the intrinsic luminosity 
of the latter is equal to — ^ 


AMLltfl -f {(A7z/2) X (^iVA/,U22?A)} = ix^Ljix^^ ; 

(compare p. 40). 

If the light is now refracted, at a second surface, into a 
medium of refractive index /xg, the intrinsic luminosity of the 
new image will be equal to — 

Al X ^ 

1^2 H-i 

Thus, if, after refractions at any number of surfaces, the light 
finally enters a medium of refractive index the intrinsic 
luminosity of the final image will be equal to— 


^ If the object is m air, and light from it, after any number of 
retractions, finally emerges into air, then u,, = u,, and the 
intrinsic luminosities of image and object are equal. 

As a matter of fact, some light is lost by reflection at each of 
t e refracting surfaces ; and, since no medium is absolutely 
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transparent, still more light is lost during transmission through 
the various media. Consequently, an image formed by refraction 
through a system of lenses is always less bright than the object ; 
the greater the number of lenses, the less bright will be the 
image. A further decrease of brightness will occur if the 
pencils from the final image do not fill the pupil of the eye 
(p. 41). Provided that the pencils from the final image fill the 
pupil, the brightness of the image is independent of the aper- 
ture of the lens. On the other hand, owing to the occurrence 
of spherical aberration in. an ordinary lens of wide aperture, the 
distinctness with which details in the image can be seen will be 
greatest when the aperture of the lens is moderately small. 

When a lens is used to form an image on a screen, the 
brightness of this image will be increased by increasing the 
aperture of the lens, since here we have to deal with the total 
amount of light falling on unit area of the screen. 

A telescope used by night is found to render distant objects 
brighter than when these are seen by the unaided eye. I’his 
appears to be due to the circumstance that small objects cannot 
be seen distinctly under feeble illumination, owing to the 
physiological properties of the eye, while larger objects are 
clearly visible 

Questions on Chapter III 

1. State the two laws of refraction, and explain how both of them 
are required, and can be used, to determine the relation between the 
apparent and real depth of water when viewed perpendicularly to its 
surface. (Lond. Inter. Sci. Pass, 1899.) 

2. Explain the apparent raising of a picture stuck at the bottom of a 
cube of glass, till it appears to an eye looking down as if it were in the 
glass. If the index of refraction is i’5, how much does the picture 
appear raised to perpendicular vision? (A. 1889.) 

3. You are given a drawing board, paper, and drawing materials, 
also some pins, and a rectangular block of glass with polished faces. 
How would you proceed to verify the law of refraction, and to deter, 
mine the refractive index of the glass? (A. 1896.) 

4. Explain and describe the effect of atmospheric refraction on the 
apparent positions of the heavenly bodies. (A. 1892.) 

5. Show how to calculate the distance by which an object appears to 
be shifted when a piece of glass, bounded by parallel plane surfaces,’ is 
interposed squarely across the direction between you and the object. 
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tefiaclive^incles the'gL??”" 

"“r :Lr >™“ ->• one 

positions of three distinct points of the’oWect'to''”*' 

water. (A. 1891.) ™ above the 

^ 7. Show that, when light passes through a thin nrism pht. i ■ ,- 
IS very approximately constant whateve^ f deviation 

Tided the incidence is neat ly perpeLicnIar. ® P”' 

of the hgh'lhM ifreSMed'baTf™"*’]*' ‘’''’‘‘“‘o" “f ‘■'e portion 
differs fL that of‘t 4h, reL«e^" ht »f t»e pnsm 

constant amount (Lond. I.Sc. Pass, 1898.) “ 

a prisrt .rt,,:d^^^ n eltetd, ho„ sS 

its original conise w^ 

'”“0 A’wo'cf'n" ■ ^Lonff teen sTSss"',S') 

on mietiilt ''33 3 * lion^d^d’ 

rZ' t diameter, is filled with water (u-.h^ 

to the nearer end of the diameter. Neglect the thicknrof the glas? 

12. Prove the formula i _ i = 1 foj. ,-efrnctinn fVtvro i 

V ti f lerraction through a concave 

ie^is^vtSrekt and ‘'’(A.^IT “ 

a «ns":hor;ciM: 5 h' 7 ;’i^r «»"' 

and length of the image. (A. isip ) ^ ^ po.sition 

a:.^ls«\tstrteft'" 

pLtiI''of tht'mage'^iTLomrS^ Paas.®','^!/"'" 
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Fig. 44. Analj'sis of White Light by the aid of Crossed Prisms. 

innumerable images of the sun, each being formed by a parti- 
cular constituent of sunlight. It is found that the violet end of 
the spectrum is the more remote from the refracting edge of the 
prism, so that violet light is deviated to a greater extent than 
red light. Newton confii'med this conclusion by transmitting 
sunlight successively through two prisms, arranged with their 
refracting edges at right angles to each other. In Fig. 44, let 
VR be the spectrum formed by transmission through the prism 
nearer to the aperture S ; V is the violet, and R the red, end 
of the spectrum. On placing the second prism in position, a 


is painted a bright red colour, the light transmitted by the prism 
paints a red image of the sun on the screen, in the position 
occupied by the red part of the image when the screen was 
white. The explanation of these phenomena is, that sunlight is 
not homogeneous, but consists of numerous constituents which 
are deviated by different amounts when transmitted through a 
prism. When sunlight falls on a red screen, all of these con- 
stituents, with the exception of those which form the red end of 
the spectrum, are absorbed ; the red constituents are diffusively 
reflected, and, on reaching the eye, give rise to a red image of 
the screen. In accordance with this theory, the colour of a 
body, when seen in sunlight, is due to a property of the body 
by which it absorbs some of the colourecl constituents of sun- 
light ; the remaining constituents are diffusively reflected, and 
form the ocular image of the body. 

Formation of a Spectrum.— When a beam of sunlight is 
transmitted through a prism, the resulting spectrum is due to 
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second spectrum, V'R', was formed, and the violet end V' was 
displaced from its previous position V, to a greater extent than 
le lecl end R was displaced from its previous position R 
Since, fora prism of given angle, the deviation depends merely 
on the lefi active index of the prism (p. 58), it follows that the 
refractive index is greater for violet than for red light. This is 
oftoi expressed by saying that the refrangibility of light increases 
om the led to the violet end of the spectrum. The variation 
of he 1 eh active index of a substance with the colour of the trans- 
mitted light IS termed dispersion. 

The spectrum formed on a .screen, in the manner described above is 
noipure ; any particular point in the .spectrum is not illuminaLd 
merely by one constituent of 
sunlight. This follows from 
the circumstance that each 
constituent of sunlight forms 
an image of the sun of finite 
dimensions, and the various 
image.s, formed by different 
constituents, overlap to a 
greater or less extent. Thus, 
in Fig. 45, ihe red image of 
the sun occupies the position 
RR, while the violet image 
occupies the position VV, and between these two images are those 
corresponding to the remaining constituents of sunlight. If the screen 
IS removed and the light transmitted by the prism is allowed to fall on 

Wrn/tf virtual 

EH . ^ The violet image will appear at V' 

(Fig. 45), and the red image at R'. Thus, a virtual spectrum will be 
seen extending between V' and R'. The violet end of the spectrum 
appeals nearci to the refracting edge of the prism. If the mean path 
of the_ rays corresponds nearly to that of minimum deviation through 
he prism each coloured image of the small aperture will approximate 
to a point, and as overlapping will not, in this case, sensibly occur the 
virtual spectrum will be pure. ^ ’ 

Formation Of Pure Spectrum. -If a lens be placed between 

V'RD 'i""" I spectrum 
VR takes the place of an object, and a real image of this can 

be foiraed by the lens. In this case the rays corresponding to 



Fig. 45 — Impure Spectrum formed on Screen. 
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each particvilai- coloured constituent of sunlight, are focussed at 

a particular point on 
the screen, and the 
resulting spectrum is 
pure. 

A similar result may 
be obtained by plac- 
ing the lens between 
the aperture and the 
prism, as shown in 
Fig. 46, — Formatian of Puve Spectrum. Fi”‘. 47. In this and 

the previous case, it is 
necessary that the mean path of the rays should correspond as 
nearly as possible with that of minimum deviation through the 
prism. 

A third method of obtaining a pure spectrum will be described 
in connection with the spectrometer. 

If the aperture has the form of a .small circular hole, the spectrum 
will take the form of a narrow luminous line, red at one end and 
violet at the other. If, however, the aperture has the form of a narrow 




Fig. 47. — Formation of Pure Spectrum. 


.slit, of which the length i.s parallel to the refracting edge of the prism, 
then the .spectrum Will take the form of a luminous band of finite 
width, 

The Spectrometer. — For the e.xamination and measurement 
of spectra an instrument termed a spectrometer is used. The 
essential parts of this instrument comprise a collimator, SL 
(Fig. 48) ; a turn-table supporting a prism ABC ; and a telescope, 
ME. The collimator consists of a metal tube, closed at one end 
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by a lens, L, and directed toward the axis of rotation of the 
turn-table. In the focal plane of the lens L is a veScTl slit S 

b^L rendered parallel (or collimated j 

by L, and a parallel pencil falls on the prism. Since parade 

Xcl -tern 

*'“* each coloured con- 
btituent of the transmitted dig-ht will form a parallel pencil 

>vh,ch ,s debated loan eaten, depending on its cdour. Tach 
pencil, aftei lefraction through the telescope lens M, will be 
brough to a focus in the focal plane of M ■ thus a reiTL" 

Tlhs fma!e r 'f •>‘“e of the telescope! 

This ima^e is viewed through an eye-piece, E. If fine cross- 

can" t 

brought into coincid- 
ence with their inter- 
section. The telescope 
rotates so that it is al- 
ways directed toward 
the axis of rotation of 
the turn-table, and is 
provided with a vernier 
which moves over a 
circular scale concen- 
tric with the turn-table. 

^^'■'■''"P^'^ding to any particular part of the 
Dart orti"'''' by setting the cross-wires on that 

telescope, and then removing the prism, setting the cross-wires 

^ directly, and again reading the 

elescope vernier. The difference between- these two readings 
gives the deviation. icaamgs 

When the codimator is properly adjusted, it is not necessarv 
for the foimabon of a pure spectrum, that the rays should 
tiaveise the prism along the path of minimum deviation. 

bv I designed for the use of students 

b> Ml. Wilson, of I, Belmont Street, Chalk Farm, N.W. It is a verv 
serviceable instrument. The turn-table and tele.scope are provided wi h 
verniers reading to half a minute of arc. The^ turn-tabT t 
laisecl or lowered, and is provided with levelling screws. 



Fig. 48. Plan of Spectrometer. 
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Adjustment of Spectrometer.— The following adjustments 
are necessary before commencing an experiment with the 
spectrometer. 

1. To ADjus'i' 'J'HE Eye-piisck. — The lens s^^slem of the eye-piece 
is movable in the Lube which carries the cross- wires, and this tube cun 
also be moved as a whole. Turn the telescope toward the sky, and 
move the eye-piece lenses till the cross-wires are distinctly seen. 

2. To ADJUST THE Tei.escope. — Direct the telescope toward a 
distant object (the top of a distant telegraph pole will serve), and move 
the tube carrying the eye-piece and cross-wires till there is no parallax 
between the image of the distant object and the cross-wires. The 
cross-wires are then in the focal plane of the telescope. 



3. To ADJUST THE CoLl.iMATOR. — Place a luminous flame in front 
of the slit, adjust the telescope so that it and the collimator tube are in 
a straight line, and then, wdiile looking through the telescope, move 
the slit in or out till there is no parallax between its image and the 
cross-wires. The slit is then in the focal plane of the collimator lens. 
Adjust the slit to be vertical. 

After the above adjustments have once been made, if there Is 
any difficulty in seeing the cross-wires, the eye-piece lenses may 
be moved, but jiot the cross-wires themselves. 

Measurement of the Angles of a Prism. — An optical 
arrangement for measuring the angle between two polished 
surfaces is termed a goniometer. The spectrometer represented 
in Fig. 49 may be used as a goniometer, and by its aid the 
angles of a prism may be determined. 

First Method . — Let ABC (Fig. 50) be a principal section of 
a prism, of which the angle B is required. The prism is placed 
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Pia. sa-Illustrates one Method of deter- 
mining an Angle of a Prism. 


on the turn-table of the spectrometer, with its faces AB BC 
vertical, while the parallel beam from the collimator falls partly 
on the face BC, and partly 
on AB. From each of 
diese faces a parallel beam 
is reflected, and if either 
of these beams falls on 
the object-glass of the tele- 
sco^De, it Avill be brought 
to a focus on the cross- 
wires of the latter. The 
telescope is adjusted so 
that an imag'e of the slit 
is_ formed on the cross- 
wiies by light reflected 
from the face BC, and the 
position of the telescope 
is read. Without moving' 

and another AB. 

two readings is equal to twice the angle ABC “ 

eqtS: tgS-BG tni:' 

the rays DB, BG arreoiwIG^ to E. Then, since 

= a CBE. Similarly, 1 Iba = “abE 

a FBG = a FBA+ a ABE + a CBE + a GEC = 2{ a ABE + a CBE) 
=-2.fABC. ' 

Second Method . — Adjust the 
prism and telescope so that an 
image of the slit is formed on 
the cross-wires by means of 
light reflected from one face, 

BC (Fig. 51), of the prism! 

ithout moving' the telescope, 
rotate the prism until the face 
AB acquires such a position that 
light reflected from it forms an 
image of the slit on the cross- 



Plustrates a Second 
Method of determining an 
aAngle of a Prism. ^ 
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wires. In order to attain this end, it is obvious that the face 
AB must be rotated until it becomes parallel to the position 
previously occupied by BC ; in other words, if we pro- 
duce CB to D, the prism must be rotated through an angle 
ABD, — c ABC. Thus, the angle through which the prism 
is rotated is equal to the supplement of the angle ABC of the 
prism. 

Adjustment of the Prism. — Before the foregoing measurements can 
be made, the prism must be adjusted so that its hices are vertical. 
This adjustment is effected by the aid of the levelling screws of the 
central turn-table. Due precaution must be taken that, after one of the 
faces has been rendered vertical, this adjustment is not disturbed in 
adjusting the second face. This can be ensured as follows. Let L, K, H 
(Fig- 5 °) be the three levelling screws. Adjust the prism by eye so 
that the edge BC is perpendicular to an imaginary line joining the 
levelling screws K, II. Then the inclination of the face BC to the 
horizon can be adjusted by the screws K and H ; any subsequent 
adjustment effected by the screw L will only rotate tire table about the 
horizontal line KH, and will thus merely rotate the face BC in its own 
plane, without altering its inclination to the horizon. On the other hand, 
an adjustment of the screw L will serve to render the face AB vertical. 

Having placed the prism in the position described, rotate the turn- 
table till the parallel beam from the collimator is reflected partly from 
the face BC, and partly from AB, as in Fig. 50. Adjust the screws 
K and H, till the image of the .slit, formed by light reflected from the 
face BC, is in the middle of the field of the telescope. Then adjust the 
single screw L, till the image of the slit, formed by light reflected from 
AB, is in the middle of the field of the telescope. The prism is then 
completely adjusted. 

Expt. 9. — Adjiust the prism supplied to you, in the manner 
previously described, and measure each of its angles by the two methods 
given above. Test the accuracy of your result by adding together 
the three angles of the prism. The sum of the angles should be 
equal to 180°. 

Determination of the Refractive Index of a Prism.— 

When the refracting angle, h, has been measured, a determi- 
nation of the angle of minimum deviation, 8, will enable us 
(P- 5 ^) to calculate the refractive index, ju, from the equation — 
^ = iitn { (« + S )/2} 
sin (a/2) 
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Since the value of depends on the colour of the light 
refracted througii the prism, it follows that, for accurate work 
light of a particular colour must be used. Monochromatic light 
{u. light which corresponds to a very restricted part of the 
spectuim) may be obtained by introducing common salt into a 
Bunsen flame. When such a flame (termed a sodium flame) is 
placed m front of the collimator slit, and the prism and tele- 
scope are adjusted to the positions shown in Fig. 48, a single 
vertical line is seen on looking through the telescope. This is 
the image of the slit formed by the yellow light emitted by the 
flame. When the spectrometer is sufficiently powerful two 
narrow yellow lines (termed the D lines) are seen ; this shows 
that the light emitted by the sodium flame is not quite homo- 
geneous, but consists of two constituents differing but slightly 
in colour. The prism can_ then be rotated, the telescope being 
moved so that the cross-Avires are kept on the image of the slit, 
the deviation produced by refraction through the prism is equal 
to the angular difference between the positions of the telescope 
when the slit is seen directly, and when it is seen by means of light 
refracted through the prism. The prism must be rotated until 
the deviation has its smallest value, when the value of B can 
he obtained. The value of ^ for the yellow light from a sodium 
name can then l^e calculated. 



f 


Expt. 10.— Determine the value of 
for the glass prism supplied to you. 


with respect to yellow light, 


To determine the refractive index of a liquid, the latter is 
enclosed m a cell made with plate glass sides. Refraction 
thiough the plate glass produces no appreciable effect, so that 
thepiocedure is similar to that described above 
Light of Definite Colour.- When an electric discharge is 
passed through a vacuum ' tube containing a trace of hydrogen 
gas, light corresponding to a number of restricted portions of 
the spectrum is emitted. When this light is analysed by means 
of a spectrometer, the resulting spectrum is seen to consist of 
a number of narrow coloured lines, each being an image of the 
silt formed by one of the constituents of the light. The red 
me is termed the C line, while the greenish-blue line is termed 
the f line, and the violet line is termed the /i line. Each one 
of these lines corresponds to a perfectly definite kind of lio-fit, 
so that we often speak of C light, D light,. F light, &c. 
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When sunlight is analysed by means of a spectrometer, the 
spectrum, as already stated, consists of a coloured band, shading 
off from violet at one end, to red at the other. This band 
is not continuous, but is crossed by a number of narrow black 
lines, termed Fraunhofer lines ; each of these corresponds to a 
particular constituent of pure white light which is missing in 
sunlight. These lines may also be used to define different 
positions in the spectrum. Further information on this point 
will be found in Chap. XIV. 

Dispersive Power. — Experiment shows that, for an ordinary 
transparent medium, the refractive index always has a greater 
value for blue than for red rays, while for 
rays corresponding to intermediate portions 
of the spectrum the refractive index has in- 
termediate values. Let g,. and g/, be the 
values of the refractive index of a particular 
medium for red and blue rays respectively. 
Let (g,. -I- g(,)/2 = g. This value of g will 
correspond to some point in the, spectrum 
intermediate between the red and the blue. 

Let ABC (Fig. 52) be a principal section of a 
prism of which the acute angle B is used as the 
refracting angle, and let .r ABC = a. Then, if 5 
is the deviation produced in the rays for which the refractive index is 
equal to g, we have (p. 58) — 

5 = (g — i)ot. 

Let 5 ,. and 64 be the deviations corresponding to red and blue lights 
respectively. Then — 

5 ,. (g,. - i)a = ^ . (g - j)a ^ is. . . (i) 

g - I M - I 

Similarly — 

do = [ 1 x 0 - l)a ~ ^8 (2) 

Subtracting (i) from (2), we obtain — 

do - dr — (g* - g,.)a = ^ ^ 5 , 

g — 1 

The factor (gj - g,.)/(g - i) is termed the dispersive power of the 
medium, with respect to the red and blue rays. 

Achromatic Combination of Prisms.— When white light is 
transmitted through an ordinary prism, the general direction of 



F[G. 52. — Acliromatic 
Combination of 
Prisms. 
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the light is altered, and in addition, the lio-ht is dernmnncoa • + 
Its constituents, vvhich are deviated to '’different extents ”\n 
othei woids, deviation and dispersion are both produced 'it is 
possible by using prisms of different substance to obtai^^^^ 
deviation without any great amount of dispSn a co^ 

is said .0 be 

cJwli r;'!* “■»' ■>' 

given by the equation— speision, 5^ - 5,., is 

5i - d,. = 

-» “«:.s -- = 

S i, - 5',. = - /n'r)a'. 

V ihe seco;7;;t‘DABhs“stT.ri;c" ‘7 

case- ' “•““"P deviated. For this to be the 

(S', - S',.) = (S. - S,) ; .-. )/. _ ^ 

This determines the angles «' and . of the pri.,m.s. in order that 

deviainilL Sntd lighl^^"!: ’’P' 

d - d' = {fi - i)a - (/ - i)„q 

If the two prisms are made from the same glass, uj = «', a. = 

miisnip^^'^^Tf ^ ~ dispersions of the two to lie equal a 

Wliei thrf “ ’ refracting angles of the prisms are equd 
When the two prisms are combined as in Em C2 th^v f. 

aZned!''''’ ‘'“P"'™" 'P' devfatiln are 
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It is also possible to combine two prisms of different 
substances, in such a manner that no deviation is jjrodiiceel for 
the mean rays of the spectrum, while the dispersion is left 
outstanding. This arrangement is used in constructing direct 
vision spectroscopes. 

Chromatic Aberration of a Lens. —Let a lens be made from 
glass of which the refractive indices, for red and Idue rays, are 
respectively equal to g,. and while (/u.,. + ^/,)/2 = /x. 'Fhen, if 
and rg are the radii of cmwature of the surfaces of the lens, 
the focal length,/,, for red rays, is given by — 



Similarly, the focal length for blue rays, is given by — 





Since is greater than g,., it follows that i/, is greater than 
i/., or /(, is smaller than /.. Thus, the focal length of a lens is 
smaller for blue than for red rays, or the two principal foci for blue 
rays are nearer to the lens than those for red rays. 

A lens acts like a prism, in so far as the incident rays are 
deviated toward or away from the axis, according as the central 
or the peripheral portion of the lens is the thicker (p. 69). If 
the rays are deviated toward the axis (convergent lens), then 
blue rays are deviated more than red rays, and the lens is more 
strongly convergent for blue than for red rays. If the rays are- 
deviated away from the axis (divergent lens), the lens is more 
strongly divergent for blue than for red rays. 


A point source of white light on the axis of a single lens never gives 
rise to an image at a single point ; the image consists of a series of 
coloured points on the axis, the blue image being nearer to the Ions 
than the red image. Thus, the complete image consists of a .small 
linear spectrum lying along the axis, the blue end of the spectrum being 
nearer to the lens. This divergence from the laws developed in the 
last chapter is termed chromatic aberration. 

If a single lens is used to form an image on a screen, it will, of 
course, be impo.s>^ble for the various coloured images to be simul- 
taneoasly in focus. The blue image, being the nearest to the len.s, will 
be the smallest, .so that, if the red rays are focussed on the screen, the 
red image will have smaller blue, green, &c, , images superposed on it, 
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ghtly out of r„e udgo of the reeu.taut image will thus appear 

Now— 

/»• - 1 V^l To/ n - I ■ jr> 




I 

I. 


Ms - I 


{<“ I) 




Mfi 


I 

■/■ 


^ ^ \0 r^J ^ - I ^ 

The chromatic aberration for parallel rays is equal to / - / c;,-,, 

wiimat:”::: 

-j- - i ~-/S ^fr^ fb _ I 

/* /r/ft M - I ■ / ’ 




r 

. A‘i 


M)- 


M - I 




or, the chromatic aberration for parallel ravs is emmi +« 

.0 the first leas, while A, and p'., and’/ refa CeeconS let'' 

‘1« combination for red rays; 

_L — ^ 1 j. f*"’- ~ ^ I 

f)- ,<r - I f ix' ~ I ‘ • • ■ • • (3) 

If Fj is the focal length of the combination for blue rays— 

_L _ '“ICli i ^ - 1 I 

Ff, M - I ■ / - I ■ Z' (4) 

If the focal length of the combination is to have the same 

°f''ftnd”t‘''' = In this case the left-hand sfdes 

(0) and (4) are equal, and subtracting (3) from (4). we obtain- 

, =“• < ■ • • • <s) 

Wli^eii (5) IS satisfied, the linear spectrum formed along the axis 
folded on itself, ,ts red and blue ends being brought into 
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coincidence. In practice it is found that the best results are 
obtained when the yellow D rays, and the bluish-green F rays, 
are brought to a focus at the same point. In this case the 
images formed by the brightest rays of the spectrum (the yellow, 
green, and greenish-blue) are brought into approximate coinci- 
dence at the focus. Then jLt,.and fiy signify the refractive indices 
of the first lens for the D and F rays respectively, while and 
g't have a similar significance with regard to the second lens. 

,7 Since while g and g' are both greater than 

/unity, it follows that /and f must have opposite signs. In tlie 
/construction of an achromatic telescope objective a convergent 
/ lens of crown glass is combined with a divergent lens of flint 
/ glass. The crown glass lens is more strongly C07ivergent for 
blue than for red light, while the flint glass lens is more strongly 
divei'ge7it for blue than for red lig'ht. 

Each lens, of course, has two surfaces, so that when the glasses from 
which the lenses are to be made have been chosen, we have four 
i unknown quantities (the four radii of curvature) to determine. One 
! j equation between these four unknown quantities is given by (5), Let 
I F be the required focal length of the combination. Then, (p. 73) — 

^ I i/F = I//+ Ilf (6) 

i j (6) gives a second equation between the four unknowns. In order to 
y avoid loss of light by reflection, it is customary to cement the lense.s 
’ together with Canada balsam ; for this to 

be possible, the second .surface of the first 
lens must have the same radius of curvature 
as the finst surface of the second lens. This 
gives us a third equation between the four 
unknowns. The remaining equation is 
determined from the condition that the 
spherical aberration (p. 77) of the lens 
combination shall be as .small as po.ssible. 
To secure this end, the free surface of the 
crown glass lens is more strongly curved 

Fig. 53— Achromatic Com- glass 

lunation of Lenses. lens, both being convex outwards. The 

free surface of the crown glass lens faces 
the incident rays (Fig. 53). 

According to Henschel, the best form of a telescope objective, of 
mean focal length F, is obtained by making the radii of curvature of the 


• ^ 



5 
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free surfaces of the crown and flint o-ioo., i 

o' 672 X Fand 1-420 x F, the radii ^of the^^^^^’ yespectively equal to 
calculated from { c ) n oe and Vflt r surfaces being 

ekss lens i, ofte!. .Ifd “e ‘ »in« 

Chalice, for the D and Fiyl A ““ «>"« gloos. made by Messrs, 


Soft Crown . 
Plard Crown . 
Extra Light 1 
Flint. . . / 
Light Flint . . 


1-5146 

1-5171 

1-5410 

I ’5740 


1-5210 
I 5231 

I ‘5491 

I ‘5839 


Dense Flint . 
Extra Dense I 
Flint . . . j 
Double Extra \ 
Dense Flint j 


1 ^ 

F 

I -6224 

I -6504 

I -7102 

r 6347 

I -6642 

1-7273 


_ - — X. cuiupouna achromatic lens of focal fonaih .n 

IS to be constructed of two thin crown glass and t 

contact, the surfaces that are in contact havino- . ^ lenses m 

25 cms. The optical characters of the J ^ 
follows, namely- glasses employed being as 


Crown glass 
Flint glass 


Disper.sive 

power. 

0-21 

o’4S 


Refractive index for 
middle of spectrum. 

• - 1-5 

1-6 


• . . va . . j 

calculate the radius of the second face of each lerhcr n , • 
formulae employed in the calculation. (Lond \ Sc ’ iT'^ '"I" 
Let/ and/' be the respective focal Whs ’of th 
glass lenses. Then, from (5), p. 95— ^ ll^nt 


0-21 0-45 


From (6), p, 96— 

I 

40 
-■-/' 

i = - -i _ -1 

/ 40 44 


I _ o'45 

/ 0-21 


' f 


2-1 

T' 


7 + 7, = - — + ^ 

f f f 


f f 

= 40 X I -I = + 44 cms. 

= - 0-0477 ; 


• "• / 21 cms. 



I 

21 


H 
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I I 
25 " ID'S ' 

• •• n 


0'040 - 0-095 
- i 8'2 cms. 


0-055. 


If r.2' is flic nxdiii.s of curvalurc of the .second surfixce of the flint glass 
lens — 

I , / I 


r 


0-6 

44, , V25 


I _ 1 

25 " 26-4 


0-04000 — 0-03788 = 0-00212. 


r ./ = 471 cm.s. 

Achromatiic Microscope Objective. — A microscope objective 
of high power generally consists of a number of lenses, made 
from different kinds of flint and crown 
glass, or sometimes of Jena glass. An 
objective designed by Prof. Abbe, and 
made by Zeiss, is represented in Fig. 54. 
The function of the lowest lens, which is 
hemispherical, has already been described 
(p. 78). Of the remaining lenses, those 
which are divergent are made from dif- 
ferent kinds of flint glass, while the con- 
vergent lenses are made from different 
kinds of crown glass. Each lens after 
the first one, produces an extra fold in 
the spectrum. 

Method, of testing a Telescope Ob- 
jective. — Foucault invented the following 
very accurate method of testing a lens 
for chromatic and spherical aberration, 
alight from a star, or other distant source, is brought to a focus, 
^ (Fig"- SS); by the lens to be tested. A screen, S, is placed so 
that its edge just covers the image formed at F. A telescope, 
T, is placed just behind the screen, and focussed on the surface 
of the lens L. If all of the i-efracted rays converge to a single 
point at F, the lens L will appear quite dark. If, on the other 
and, some rays are brought to a focus in front of, or behind, 
, a certain number of these rays will I'each the telescope and 
render the surface of the lens L luminous. If chromatic 



Fig. S4.— Achromatic 
Microscopic Objective. 
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abOTation exists, the lens will appear coloured, the colour 
changing- ,f the screen S is slightly displaced. If spherical 
aberration exists, the 
peripheral portions of 
L will appear bright 
when the central por- 
tion is dark, or vice 
versa. 



Pig. 55-— Foucault's Method of testing a Lens 


The above method has 
been extended by Toep- 
ler, for the purpose of 
detecting small local dif- 

^^^1 of a medium. A luminous gas flame, 

sou -ce ontht ^ 1 edge, is used as a 

lens a! A “ ^ achromatic 

lens. A second saeen with a vertical straight edge is adjusted so as 

just to cover the image, the second straight edge just coinciding with 

the ° straight edge. A telescope is placed behind 

of the lens ^ When Ih ^ 

of the lens. When the medium between the lens and screen is homo- 
geneous, the lens appears dark ; but any local variation in the medium 
will cause some of the rays to go astray and escape the second straight 
h ^ K r f instead of a gas flame. Prof. Wood 

?r\X metW PWogiaphs of sound-waves in 

, at aDetaite Distance apart.— We have already 

(p. 76) found an expression for the focal length of a sinc^le lens (thi 
equivalent lens) which will produce an image of d» 30 ^^ 

definite distance d Let us now suppose that the lenses forming 
he combinatmn are composed of the same substance, of which the 

while (^+^j)/2 - f,. Let F,. and be the focal lengths of the 
equivalent lenses for red and blue rays. Then if A and f are 
the focal lengths of .he lenses forming fte combinatih fo™ 
corresponding to the refractive index ijl, we have, from p 76 
together with the results arrived at on p. 95- ’ ^ ’ 


i- = /I , 1\ , /Pf - ly d 
F,. jt - I I \ ^ j j 


/if% 


( 7 ) 
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Similarly- 


- I J i , 1\ 
/A - 1 t/i A) 


fi,, - iV d 


Let us now find the condition that the focal lengths, F,. and 
Ff,, of the equivalent lenses shall be equal. In this case the 
left-hand sides of (7) and (8) are equal. Subtracting (7) from 
(8), we obtain — 

IXi - ^ I \ , (M6 - I)^ - (Mr - I)^ jL-n 

7^1/1 /j 'fi/r 


Then, since— 

{(/^6 - if - {^^r 


= {(Mft - I) - (M.- - 1)} {if^b - 1 ) + {f^r- I)'f 


we have- 


— ih-b — Mj") ifbb i^r 2) — jXr) {/I l). 


fi,- fXrjl I 

\~F -r ’v 


F- - I lyi Ta fiA- 


Discarding the common factor (/u.;, - - i); ^^^^1 simplifying, 
we obtain — v 

d=-'Oi+A)h ( 9 ) 

Equation (9) gives the condition that the combination of two 
lenses, of mean focal lengths fi and 'f^, separated by a distance d, 
shall be equivalent (p. 74), for red and blue rays, to single lenses 
with equal focal lengths. 

Since d is an essentially positive quantity, it follows that (/j + f^) 
must be negative, so that one or both of the combined lenses must be 
convergent. 

It is often found stated in text-boohs on Light that when (9) is 
satisfied, the lens combination is achromatic, in the sense that the red 
and blue images which it forms are equal in size, though they are not 
formed in the same position. A little consideration will show that this 
statement, in its general form, is erroneous. For let F be the common 
value ofFy-and Fj. Then, for red rays, the equivalent lens, of focal 
length F, must be placed at a distance 


behind the first lens of the combination (p. 76), while for blue rays 
the equivalent lens must be placed at a distance 
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behind the first lens of the combination. Thus, the equivalent lenses 
have different positions, and if the object is achromatic, it will be at 

tion 'nr d'^' iT" ( 9 ), P- 72 , the magnifica- 

tion pioduced by a lens depends, not alone on the focal length, but 

a so on the distance of the object from the lens ; thus it follows that the 
lue and red images will, m general, differ in size. When the object 
IS at a great distance from the lens combination, equation (o), p. 72 
shows that the images will be equal in size, since the values of^I 
II then scaicely be affected by the small distance between the positions 
of the equivalent lenses ; but a lens combination of the kind described 
IS seldom used to form an image of a distant object. 

Two shnple lenses, separated by a definite distance, are generally 
used 111 the construction of telescope and microscope eye-pieces In 
such cases we are concerned, less with the absolute magnitudes and 
positions of the coloured images, than with the angles which these 
linages subtend at the eye. Accordingly, eye-pieces are constructed so 
that the various coloured images subtend equal angles at the eye We 
shall return to this point in Chap. X. ^ 


A 

Rainbows 

Characteristics of Rainbows.— Rainbows are seen when the 
sun shines, for example, on falling rain, or on the spray from a 
cascade or wave. For rainbows to be seen, the observer’s back 
must, m all cases, be turned toward the sun ; hence, from very 
early tmes, the formation of rainbows has been attributed to the 
lefraction and internal reflection of sunlight by small drops of 
watei _ In favourabR circumstances, several bows may be seen. 
le biightest bow is termed the primary bow; its radius sub- 

the bi^iuT of about 41^ at the observer’s eye, and it exhibits 
the biilliant colours of the solar spectrum, being red on its 

^i?rb ^ bow, of 

iich the ladius subtends an angle of about 52° at the observer’s 

eye, is often seen. This bow is red on its inner, and violet on 
Its outei, edge, and is termed the secondary bow. Other faint 
bows, termed supernumerary bows, are sometimes seen just within 
the piimary bow. A general account of the formation of the 
primary and secondary bows will now be given ; for an account 
of the foimation of the supernumerary bows, more advanced 
treatises, such as Preston’s T/ieorj^ of Light, may be consulted. 
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The primary bow is formed by rays eadr of which has been refracted 
into, and out of, a drop of water, having meanwhile suffered one in- 
ternal reflection. The secondary Imw is formed by rays each of which 
has been Hvice internally reflected between its entrance into and 
emergence from a drop of water. 

Deviation of a Eay once internally reflected in a 
Transparent Sphere. — Let SA (Fig. 56) l^e a i-ay incident at an 
angle i on a transparent sphere, such as a drop of water. Di-aw 
the radius OA of the sphere. Then the incident ray makes an 
angle i with OA produced. The ray AB, refracted into the 



Fir,. 56. — Ray enterin? a Tran.sparent Sphere, and emerging after 
One Internal Reflection. 


sphere, makes an angle OAB = r with the radius OA, in 
accordance with the equation — 

sin r = sin ifix. 

Let the ray AB be incident at B on the back surface of the 
sphere. Draw the radius OB, Then the angle OBA is the 
angle of incidence at B. Further, since OB = OA, the triangle 
OAB is isosceles, and z OBA = cOAB = r. Thus, the ray AB 
is incident at an angle r at B, and, if BC is the corresponding 
reflected ray, ^ CBO = z OBA = r. 

Let the ray BC be incident at C on the front surface of the 
sphere. Draw the radius OC. Then, since OB = OC, the angle 
of incidence OCB is equal to i OBC, or to r. Consequently, 
the emergent ray CE is inclined to the radius OC (produced) at 
an angle t\ equal to the angle of incidence of the ray SA at A; 

Produce the rays SA and EC to meet at D. Then the 
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deviations produced by refraction at A, reflection at B, and re- 
fraction at C, are together equal to the angle D. This is the 
angle through which the incident ray SD must be rotated about 
the point D, in order to bring it into coincidence with the 
direction of the emergent ray DE. 

It is easy to find an expression for the deviation D. It will be 
nodeed that at eacli of the points A, B, and C, the ray is deviated in 
the same sense, so that the deviations at A, B, and C are additive. 
Let us term a rotation in the sense in which the hands of a clock re- 
volve a right-handed rotation. Then, at A the ray is deviated through 
an angle (f-r), in a right-handed direction. The angle ABC is equal 
to 2r, .so that, in order to bring the ray AB into the direction BC, by a 
right-handed rotation alrout B, it must be rotated through an angle of 
(180''’- 2r). To bring the ray BC into the direction of the emergent 
ray CE, it must be rotated, in a right-handed direction, through an 
angle (/-?•). Thus, the resultant deviation D, which is equal to the 
sum of the deviations at A, B, and C, is given by — 

D = (?■ - r) -I- (180° - 2r) -I- (z - r) = 180° -h 2 i - qr. 


Angle of Minimum Deviation.— If parallel rays are incident 
on a sphere, the ray directed toward the centre O will be incident 
normally, so that for this 
my / = o. Rays incident 
tJingentially on the sphere 
will correspond with 
z = 90*^. Thus, rays will 
be incident on the sphere 
at all angles between 0° 
and 90°. F or any particu- 
hir angle of incidence, z, 
we can calculate the value 
of the angle of refraction, 
r, and substituting the 
corresponding values of i 
and r in the equation — 

D = iSo°+ 2z-4?y . . {a) 

we can determine the 
final deviation, D. In Fig. 

57, a curve is given showing the values of D for values of z 
between 0° and 90° 



Fig. 57 . — Deviations corresponding to Various 
Angles of Incidence. 


It will be seen that for an angle of incidence 
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equal to about 6i° the resultant deviation has its minimum 
value equal to about 138°, or (i8o°-42°). The ray incident 
noimally on the sphere, (z = o), has its direction reversed by 
the internal reflection, so that its deviation amounts to 180“ 
The ray incident tangentially (/ = 90=), suffers a deviation of 
about 164 . 

Since no ray is deviated by less than (180° - 42^), it follows 
that the lays emerging from the sphere are all contained within 
a right circular cone, half the vertical angle of which is equal to 
42 . It will also be noticed from Fig. 57, that the deviation 
changes comparatively slowly in the neighbourhood of the 
owest point on the curve ; consequently, the emergent rays will 
be moie closelv packed in the neighbourhood of the surface of 
the cone, than anywhere else within it. 
Thus, the emergent rays will he contained 
within a cone, half the vertical angle of 
which is equal to 42°, the greater proportion, 
of them lying near to the surface of this 
cone (Fig. 58). 



The curve in Fig. 57 has been constructed 
for a value of /z equal to 1-33, the mean re- 
fractive index of water. But for water, the 
value of Mis greater for violet than for red 
rays. Thus, if a ray of white light is incident 
at an angle i on a transparent sphere, the 
Fio. sS—Rays emerging i^ss for the violet than for 

consequently, from equation 
{a) above, the resultant deviation will be greater 
1 . '^*c)let than for the red rays In nthpv 

woihs, the violet rays will be contained within a cone of snmller vertical 
angle than that containing the red raya. Thna, if a while ,0^=" ! 
pUced 111 front of the sphere, a circular coloared band will be formed 
by the densely packed minimum deviation rays, the outside of this 
tend tong red, and the inside violet. The cirettlar space enlw 
by the band will be slightly illuminated. ^ enclosed 

Exit, ii.— Place a spherical flask containing water in front of 
an Illuminated aperture in a white screen. A brilliant cimulm Mncf 
blue inside and red outside, will be formed bn the screen. This band 

formed by the least deviated rays, which have suffered two refractions 
and one internal reflection in the flask. i enactions 





IV DISPERSION AND CHROMATIC ABERRATION 105 

deviation of Bays twice internally reflected in a Trans- 
parent Sphere.—The ray BC (Fig. 56), incident internally at the 
point C of die sphere, will give rise to a reflected ray, inclined to 

^ reflected ray (not shown in 

1 ig-. 56) will again fall_ 011^ the surface at an angle r, and give 
1 ise^ to a refracted ray inclined to the radius at an angle i. The 
clcvirition produced on entering, and on leaving, the sphere is 
equal to (z r), as before. At each reflection the deviation is 
equal to(i8o -2r). Thus, the total deviation, D, is given bv 
tlie equation — r 

D = 2 (z - r) + 2(180° - 2r) = 360° + 2 z - 6r. 

. can be drawn showing the connection between D and 

is done, it is found that the form of the curve is 

siniilai to that given in Fig. 57. For a certain value of z, the 

deviation D has a minimum value, equal to 232°, or 360°- 128''. 
Tlie 1 ay directed toward the centre of the sphere suffers two 
internal reflections at normal incidence, so that its direction is 
twice leversed, and the deviation amounts to 360'’ The 
remaining rays are contained in the 
space exterior to a cone, half the 
vertical angle of which is equal to 
iSo° — 128^=52° (Fig. 59). The 
rays are more closely packed in 
the neigrhboLirhood of the surface of 
thi.s cone than elsewhere. Further, 
the vertical angle of the cone for 
red rays is smaller than that for 
violet I'ays (Fig. 59). Thus, if white 
lig-lat, after being twice internally 
reflected within a sphere, is allowed 
to fall on a white screen, it will 
paint a circular band subtending 
an ang-le of 2 x 52° = 104° at a 

point behind the sphere, the outside of the band beingviolet and 
the inside red. ’ 

Formation of Rainbows.— When sunlight shines on falling 
rain, cones of rays similar to Figs. 58 and 59 will leave each drop 
of water. Only a limited number of rays in the cone derived 
fronx a particular raindrop can reach the eye of an observer ; 


V\ — f 
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Mi/! : 
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V^<1. 
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the rainijow seen is fonnccl by niys from a great 
drops, possessing certain ])ositions with respect to tl 
observer. 


Let E (Fig. 6o) be tin; jjosilinn of the eye; of the obseei' 
number of rain(]ro])s besilualeel at t ), O,, ( O.,, in ei vert 

u.s fir.sL con-sider the effect jirodiieed ley ihe light which hiu 
one inteniiil rcllection. Let ICC lee drawn parallel to the 
.sun. Draw F, 0 ,, making; an angle eif 42" with ICC. 1 
drop at 0 | will send some of its least de-vialcd reiys to IC, 

O, will appear brij 
drop at O, a poi 
will send only the 1 
and less densely j)! 
1 C, .so that points 
he only faintly 
Points above (bi v 
no light which ha 
one internal rellecl 
If we now .sup 
K(,)| to rotate al 
])oint ( )] will des 
such that all rairu 
in it will .send ligh 
circle will, ther( 
bright. Since the 
the angle of minii; 
for red rays is ab 

Fig. 60. — Illu.siraics the Fonnatiou of the that fot violet rays 
Primary and Secondary Hows. is obvious that the 

seen will lie coin 

edge of the bow, which is outside, subtending an angle u 
at the eye of the observer, while the interntd violet ed;: 
subtends an angle of 2x41°= 82“ at the eye of the ol 
accounts for the primary rainbow. 

Let us now comsidor the light which has been twice intei 
in a raindrop. From E draw ECL, making an angle of 
Then, a raindrop at O.j will .send to E .some of the leu 
the rays which have been twice internally reflected. Tl 
0.2 will appear bright. Points alnive Oowill send only thei 
and less densely packed, rays to E, so tluit jroints aliovc ( 
faintly illuminated. Points Ijetween O.j and f)i will send 
If we suppose the line EO.^ to rotate about EC, lire 
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descnbe a cn-cle such that all raindrops on it will send bright light to 
L. Since the least deviated red rays make an angle of 51“, while the 
deviated v olet rays make an angle of 54" with the incidS:; 
lays it fol ows that the bow actually seen will be coloured, its inner 
edge, which is red, subtending an angle of 2x51°= 102° at the eye 
oi the oliserver, while its outer violet edge subtends an angle of 2 x 54° 
108 at the eye of the observer. This accounts for the secondary 
rainliow. Phe space between the primary and secondary rainbows 
a|)pears darker than the rest of the sky, as is indicated by theory. 


_ Owing to the finite apparent magnitude of the sun, all rays 
incident on the raindrops are not parallel. As a consequence, 
overlapping occurs, and the colours of the rainbow are not pure. 
In hazy weather, when the apparent magnitude of the sun is 
qi eatly inci eased by the scattering of light by the mist, w/AA 
lainbows ate sometimes formed. This is merely an extreme 
effect of the overlapping of different colours. 


Questions on Chapter IV 

1. A ray of homogeneous light is incident at an angle on a prism 

of angle and the deviation D is observed. Prove that x> the angle of 
emergence, may be found from the formula .y = D + f - (A. 1898.) 

2. Given a prism of a substance of known index of refraction, show 
how to calculate the deviation produced by jt under any given circum- 
stances, especially when the ray goes thpotfgh the j^rism symmetrically. 
Given that the angle of a prism is 60°, and that the minimum deviation 
it produces with sodium light is 30°, what is the index of refraction of 
its substance for this kind of light? (A. 1891.) 

3. A ray of light is refracted through a prism in a plane perpendicular 
to its edge. Prove that if the angle of incidence is constant, the devia- 
tion increases with the angle of the prism. What is the limiting angle 
of the prism, such that the incident ray does not emerge when it meets 
the second face of the prism ? (A. 1895.) 

4. Give a detailed account of the method of finding by experiment 
the refractive index of the material of a transparent solid or liquid 
|OTsm. {A. 1897.) 

S- Exjolain how two prisms of different refractive indices and dis- 
persive powers may be combined to form an achromatic combination. 
(A. 1901.) 
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6. Explain the theory and construction (i) of an achromatic object- 
glass ; (2) of an achromatic eye-piece formed of two convex lenses. 
(Lond. Inter. Sci. Hons. 1895.) 

7. Give a general explanation of the construction of an achromatic 
lens, with a diagram to show the paths of rays incident parallel to the 
axis through each of the component lenses when used separately. 
(A. 1893.) 

8. A thin convex lens of crown glass and a thin concave lens of 
flint glass form an achromatic combination when placed in contact. 
A beam of white light, which is in each case parallel to the axis, falls 
in different experiments (i) upon the convex lens alone, (2) upon the 
concave lens alone, (3) upon both lenses in contact. Draw diagrams 
indicating the paths of the blue and red constituents of the white light 
in each case. (A. 1892.) 

9. What is meant by an achromatic combination of lenses? You are 
given a convex lens, and a prism of the same specimen of crown glass, 
also a prism of flint glass. What observations would you make in 
order to determine the focal length of a lens of the flint glass which 
will form, with the crown glass lens, an achromatic object-glass? 
(A. 1896.) 

10. Two thin lenses are in contact, and form an achromatic combina- 
tion, one being equi-convex, and the other eqdr-concave. Calculate 
from the following data the radius of curvature of each surface of the 
concave lens, and the focal length of the combination : — 

Convex lens. — Radius of curvature, 10 cms. ; refractive indices : for 
red, I *480 ; for violet, i ’499. 

Concave lens. — Refractive indices : for red, I'dio; for violet, rddy. 

(H. 1897.) 

/ II. A convex lens of focal length 40 cms. is placed in contact with a 
/concave lens of focal length 66 cms. Trace the path of a pencil of rays 
through the combination from an object at a distance of 200 cms., and 
state for what purpose such a combination is used. (A. 1897.) 

12. Calculate the focal lengths of the components of an achromatic 
lens to be of 2 metres focal length, from experiments on prisms of given 
angles made of the kinds of glass to he used in making the components. 
Choose the points of agreement in the spectrum for your calculation, 
and give reasons for your choice. (Lond. B.Sc. Hons. 1898.) 

13. If the refractive indices for red and blue light respectively be i '525 
and I -542 in a crown glass, and i -628 and i 660 in a flint glass, calcu- 
late the mean focal length of a flint glass lens which will correct the 
chromatic aberration of a convex crown glass lens of 50 cms. mean focal 
length. What will be the focal length of the combination when the two 
lenses are placed close together ? (Lond. Inter. Sci. Hons. 1898.) 
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14. Explain, with the aid of carefully drawn figures, how the primary 

and secondary rainbows are formed. (Lond. B.Sc. Pass, 189?.) ^ 

15 . Find the dispersion produced by a thin prism ’of angle iq" 
having a refractive index for red light of i -5; and for violet light of i V 
(Lond. Inter. Sci. Pass, 1898.) 


Practical 

1. Measure the angle between the surfaces of a given piisin by means 
of a spectrometer. (Lond. Inter. Sci. Hons. 1898.) 

2. Find the refractive indices, for the three (bright) hydrogen lines, 
of the given prism, being given a spectrometer, induction coil, vacuum’ 
tube, &c. (Lond. B.Sc. Pass, 1899.) 

3» Mcasuic the minimum deviation produced by the given prism. 
(Lond. Inter. Sci. lions. 1898.) 

4. bind, by observations on the two prisms A and B, their respective 
di.sper.sive powers. (Lond. B.Sc. Hons. 1895.) 


A 



CHAPTER V 


OPTICAL CONSTANTS OF MIRRORS AND LENSES 


Introductory. — The properties of a spherical mirror are 
completely determined when its radius of curvature, or its focal 
length, is known. These two magnitudes are not independ- 
ent ; the focal length is equal to half the radius of curvature, 
both as to magnitude and sign (p. 33). 

A lens possesses four optical constants, so related that when 
any three are known, the fourth can be determined by calcula- 
tion. These constants are : — The radii of curvature of the two 
surfaces of the lens, the focal length of the lens, and the refractive 
index of the substance of which the lens is composed. 


If/" is the focal length (second focal distance) .of a lens, of which the 
radii of curvature are equal to r-y and while i). is the refractive index 
of the substance of which the lens is composed, then (p. 69)— 




(I) 


In using this equation, the student should exercise great care in 
attaching the proper signs to the quantities /, and r^. 


Each surface of a lens may be treated as a spherical mirror, 
so that the same methods may be used for determining the radii 
of curvature of mirrors and lenses. The method of determining 
the focal length of a lens depends on the character of the lens. 
The refractive index, /r, of a lens may be determined by sub- 
stituting the values of f, Ty, and in (i). 

The Optical Bench. — The experimental determinations described in 
the present chapter may often be facilitated by mounting the mirror, or 
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lens, on a stand, which can be moved backwards or forwards in a strainhl 
me. An arrmigement to secure rectilinear motion of the stLd s 
termed an optical bench. This may consist of a board from one to 
two yaids long, and about six inches wide, with boxwood metre scales 
screwed down end to end on its upper surface, near one edge Lve a 
standj consisting of uprights fixed in square wooden block! mid 
provided with attachments for lenses and screens, are requEed ft! 

w:x tt 

T7- ™eans of a separate boxwood metre 
SS'ers of a pair of 

As a source of light, an Argand or Welsbach gas burner maybe used 
the glass chimney being surrounded by a cylinder of thin sheet z nc 
with a circular aperture half an inch in diameter cut in it Ac ^d 
^ circular aperture cut in it, may be placed 

m fiont of the source of light. Two fine wires, or fine glass fibres 
may be stietched across the aperture in the cardboard screen. ’ 

F ocAL Length of a Lens 

Simple Illustrative Experiment.— The followinir exDerl 

ment brmg-s the properties of diversent and converge* t lemes 
prominently into view. ^ lenses 

above and half below 
the surface of the 
millboard. The line 
AB should coincide 
with the axis of the 
lens. Stick two pins 
upright in the mill- 
board, on one side of 
the lens, at points 
C and D, equidistant 

from, and on the same side of, the axis AB. Look through the 
front of thf^Jf the position of the eye so that one pin is sfen in 
V™ • P'"® ^t E and G, so that all four pins are 

E. It this line cuts the ai^js at F, the distance from L to F gives the 



Fig. 6 i.— Illustrates Experiment 12. 
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focal length of the lens. It is best to use a lens of from 30 to 70 cms. 
focal length, and an aperture of from 5 to 7 cms. , for this experiment. 
If the lens is convergent, the line EG will cut the axis on the side of 
the lens remote from the pins D, C. In this case, for the pins D and C 
to be seen through the lens, they must be placed at a distance from the 
latter less than the focal distance. 

Direct Determination of Focal Length (Convergent 
Lens).— 

Expt. 13. — By means of the convergent lens, form an image of a 
remote object (such as a distant stack of chimneys), on a sheet of mill- 
board. When the image is most distinct, the surface of the millboard 
is in the second focal plane of the lens ; if the lens is thin, the distance 
from the millboard to the lens gives the focal length of the latter. 

Even when another method of determining the focal length of 
a convergent lens is used, the results obtained should be checked 
by the above method. 

Expt. 14. — Place the lens to be examined on the surface of a piece 
of good looking-glass laid on a table. Above the lens, support a 
pointed piece of white paper, and observe the real inverted image of 
this formed by rays refracted through the lens, reflected from the 
looking-glass, and then again refracted through the lens. Adjust the 
position of the piece of paper till its point, and the point of the image, 
coincide. When this adjustment is completed, there will be no parallax 
between the paper and its image. Then the strip of paper is at the 
first principal focus of the lens. 

The formation of the final image may be thus explained. 
Since the piece of paper is at the first principal focus of the lens, 
the first refraction forms a virtual, erect image at an infinite 
distance above either the lens or the mirror. By reflection, a 
virtual, erect image is formed at an infinite distance below the 
mirror ; this image gives rise, by the second refraction, to a real 
inverted image at the principal focus of the lens. 

If the lens is thin, the distance from it to the piece of paper 
gives the focal length of the lens. If the lens is thick, or if a 
compound lens (such as a photographic objective) is used, the 
position of the first principal focus with respect to the nearer 
surface of the lens, or lens combination, can be found in this 
manner. 

This method can be advantageously used in connection with 
long focus spectacle lenses. 
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constant. This distance is equal to + phis the distance 
between the two principal points of* the lens. If and d-y ai c 
unequal, there will always be two positions, in either of which 
the lens can be placed so as to form an image on the screen. 
For let u = ^2) while v = -dy. These values will oliviously 
satisfy (2). In one of these positions, the lens is nearer to the 
aperture than to the screen, while in the other position, the lens 
is nearer to the screen than to the aperture. On diminishing 
the distance between the aperture and screen, it will lie found 
that the two positions in which the lens can be placed, so as to 
fonn an image on the screen, are closer together than previously; 
and by continuously diminishing the distance between the aper- 
ture and the screen, it will at last be found that ther-e is only one 
position in which the lens can be placed so as to form an image 
on the screen. In this case d^ = dy — d (say), and the object is 
as far from the first principal point of the lens as the image is 
from the second principal point. Then — 


II 2 I _ 

~d~~d~ d~J’ 


d=- 2/. 


If the lens is thin, the distance from the aperture to the screen 
is numerically equal to 2d ox op. 

In the case of a thick lens, or combination of lenses, we know 
that the second principal focus is at a distance /from the second 
principal point ; while the screen, when adjusted as described 
above, is at a distance 2/ from the second principal point. Thus 
the screen is at ' a distance/ from the second principal focus. 
Having determined, by the method described in Expt. 14, 
the position of the second principal focus relative to the 
nearer surface of the lens, or combination of lenses, the dis- 
tance from this point to the screen can be measured ; this 
gives us the focal length, / of the lens. If we measure a 
distance equal to/ from the second principal focus, toward the 
lens, then we determine the position of the second principal point 
of the lens. If the position of the principal focus on the opposite 
side of the lens has been determined, a measurement of the 
distance/from this point toward the lens will determine the 
first principal point of the lens. 


Expt. 16.— Determine the focal length of a thin convergent lens by 
the method just described. 
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used in Expts. 13, 14, or 15. Then, (p. 73), if /j is the known focal 
length of the convergent lens, the focal length f of the divergent lens 
is determined from the equation — 

i//= i/F - 1//1. 

(Rememher that F and are both negative.) 

Expt. 20. — Mount the divergent lens so that a distant object can 
be seen through it. The image seen will be at the principal focus of 
the lens. The position of this image can be determined in a manner 
similar to that used in Expt. 5 (p- 54)- Place a thin sheet of plate- 
glass between the lens and the eye, and adjust a small pointed gas 
flame, so that its image, reflected in the plate-glass, coincides in posi- 
tion with the image of the distant object seen through the lens. Then 
the principal focus of the lens is as far behind the plate-glass, as the 
pointed gas flame is in front of it. 

Optical Methods of measuring Curvature 

Concave Mirror, or Concave Surface of Lens.- 

Expt. 21, — Turn the concave surface toward a distant object, and, 
by tilting it slightly, form a reflected image of the object on a piece of 
white card. When the image is most definite, the distance from the 
surface to the card is equal to the focal length of the surface, or half the 
radius of curvature. 

Rays diverging from the centre of curvature of a concave 
mirror fall on the mirror normally, so that their directions are 
reversed, and the reflected rays converge toward the centre of 
curvature. A small luminous object, placed at the centre of 
curvature of a concave mirror, gives rise to a real inverted 
image, also situated at the centre of curvature. 

Expt. 22. — Turn the concave surface to be tested toward an illumi- 
nated aperture in a white screen. Adjust so that a distinct image of 
the aperture is formed on the screen, near the aperture. Then the 
distance from the surface to the aperture is equal to the radius of 
curvature. 

Expt. 23. — Place a pointed piece of white paper at right angles to 
tile axis of the surface to be tested, and observe the real inverted- image 
formed. Adjust so that the point of the paper and the point of the 
image coincide ; examine both through a magnifying glass, to see if any 
parallax can be detected. When the above adjustment has been com- 
pleted, the distance from the pole of the surface to the point of the 
paper is equal to the radius of curvature of the surface, 
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the focal length of the lens, the radius of curvature, rg, of the 
convex surface, is given (p. 78) by the equation — 

^2 = «//(« +/)• 

Determine y by one of the methods already described, and 
insert in the above equation, taking care that the correct sign is 
prefixed. The quantity ic will, of course, be positive. 

If the lens is bi convex, a real image cannot be formed by reflection 
from its front surface, so that in this case the above method presents no 
difficulties. If the lens is concavo-convex, there will, in general, be 
two positions of the lens which will form an image on the screen ; in 
one case, the light is reflected from the front (concave) surface, while 
in the other it is internally reflected from the back (convex) surface. 
These two images may be distinguished by the circumstance, that when 
the lens is divergent (rj < u is greater than r,, and the image 
formed when the lens is at the greater distance from the screen will 
be that due to light reflected internally from the back surface. 
When the lens is convergent {r^ > r^), u is less than i\, and the image 
formed when the lens is at the smaller distance from the screen will 
be that due to light reflected internally at the back surface. The 
student should find no difficulty in verifying these statements by the aid 
of a diagram, or by the aid of the equations deduced on p. 79. 

Detection of a Plane Surface.— When it is suspected that 
one surface of a lens is plane, this suspicion can be readily 
verified or disproved by the following method : — 

Exft. 27.— Place the surface to be tested on a level with, and near 
to, the eye, and observe the image of a vertical straight line (such as the 
edge of a window), formed in it by reflection at grazing incidence. If 
the surface is plane, the image will be straight and undistorted. Dis- 
tortion of the image proves that the surface is curved, and the method 
of Expt. 26, or that of Expt. 21, can be used to determine itshurvature. 


Mechanical Method of measuring Curvature 

The Spherometer. — The curvatui'e of a surface may be 
measured by purely mechanical means, by the aid of an 
instrument termed the Spherometer. This consists of a rigid 
metal framework, provided with three pointed legs fixed at the 
corners of an equilateral triangle, while a fourth leg, equidistant 
from the other three, can be raised or lowered by means of a 
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fine screw (Fig. 62). 


Thus, the fourth leg passes through the 



Plan of Under Surface 


centre of the circle which maybe drawn through the three outer 
egs. When the central leg is sufficiently raised, the three outer 
legs can stand firmly on a surface of any shape, and the 
instrument cannot then be readily rotated. But when the 
central leg touches the surface, the 
instrument can be rotated about 
the point of contact. This gives 
us a very delicate means of de- 
tecting the instant at which the 
cential leg touches the surface. 

The central leg has a screw, gener- 
ally of half a millimetre pitch, cut 
on it, and is provided with a disc. A, 
graduated in 50 larger divisions, 
each of which is again divided 
into 10 parts. Thus, a complete 
rotation of the disc raises or 
lowers the central leg by half a 
millimetre, and a rotation through 
one of the larger divisions raises 
it through -^xl= mm. At 
the side of the disc is a vertical 
scale graduated in half-millimetres, 
so that the number of complete ro- 
tations can be readily ascertained. 

To test the adjustment of the 
zero, the instrument is placed on 
a plane surface, such as that of a piece of good plate-glass, and 
the cential leg is adjusted so that lowering it by the smallest 
amount renders the instrument capable of rotation The 
extremities of all four legs are then in a plane, and the zero 
giaduation on the disc should be opposite the edge of the 
vertical scale. 

To determine the curvature of a spherical surface, the 
spherometer is placed on the surface, and the central leg is 
adjusted until it just makes contact. 

Let ACE (Fig. 63) be a section of the surface by a plane 
passing through the centre of cuiwature, K, so that ACEF forms 
the complete section of the sphere, of which the surface forms 



Fig. 62. — The Spherometer. (From 
Earl s Physical Measurements,') 
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a part. Let the central leg- of the sph?forneter touch the surface 



Fig. 63.— Illustrates the Method of 
using the Spherometer. 


of curvature of the surface, 
of the circle — 


at C, and draw the diameter 
CF. The outer legs of the 
spherometer touch the surface 
inr'a plane AE perpendicular to 
the paper, and the distance DC 
of the extremity of the central 
leg above this plane can be 
determined from a reading of the 
disc and scale. Let DC = h, 
measured in centimetres. Then, 
if the distance from the ex- 
tremity of the central leg to 
that of one of the outer legs, 
when all are in a plane, is equal 
to d centimetres, we have 
DA = d. Let r be the radius 
Then, from a well-known property 


CD X DF = (DA)2, or k{2r - h) 

. , 

• • + 

When /z is very small, as will be the case unless the radius of 
curvature is very small, we may neglect k on the right-hand side 
of this equation, when — 

r — (Pj^h. 

The quantities (/and must both be expressed in terms of 
the same unit of length, and r is then obtained in terms of this 
unit. 

When the surface is concave, the procedure is similar, except 
that./^ then represents the distance of the extremity of the 
central leg^ below the plane passing through the extremities of 
the remaining legs. 



Questions on Chapter V 

1. Show how to determine the focal length of a convex mirror by 
measurement with the spherometer, and explain the principle of * the 
instrument. (A. 1894.) 

2. Describe, and illustrate by a diagram, an accurate laboratory 
method of measuring the focal length of a concave lens. (A. 1901. ) 
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3. If the collimator of a spectrometer be not nf 
errors are likely to be introduced in ° ? of adjustment, what 

plane reflecting surfaces, as, for example th ^ angle between two 
Inter. Sci. Hons. 1898.) ^ ^ P^^m? (Lond. 


I. Find the focal length of a concave mirror (H tSq^ \ 

lent aU ofa 

,^5-ind, h. an optioa. .eth„r£'.tLre; t 

6. Find the focal length of a concave lens. (H. tSoa.) 
compomid lens.'7llnrRSc.*’Ssri8j8.r° “f “ S>''™ 


CHAPTER VI 


SPHERICAL ABERRATION AND ALLIED PHENOMENA 

Introductory. — When applying the laws of reflection and 
refraction to mirrors and lenses, we assumed that the rays from 
the object, and those which formed the image, lay near to the 
axis, and were only slightly inclined to the latter. The results 
obtained are therefore true only when the aperture of the mirror 
or lens is small, and the object subtends only a small angle at 
the pole. In the present chapter we must investigate the 
reflection and* refraction of light by mirrors and lenses of wide 
apertures, and determine the defects produced in the image 
when the object subtends a considerable angle at the pole. 

The image formed by reflection at a plane surface is always 
a perfect reproduction of the object, since in this case we found 
it unnecessary to make any assumptions as to the aperture of 
the reflecting surface. We may therefore, at present, confine 
our attention to the reflection of light at spherical surfaces, and 
the refraction of light at plane and spherical surfaces. 

Caustic formed by Eeflection at, a Spherical Surface.—Let 
APB (Fig. 64) be a principal section of a hemispherical 
mirror, of which C is the centre of curvature, P is the pole, and 
PQ is the axis. Let O be aluminous point on the axis. Having 
given a ray from O, incident, in the plane of the paper, at any 
point on the mirror, it is easy to determine the corresponding 
reflected ray. Draw the radius passing through the point of 
incidence, and from the latter point draw a line such that it and 
the incident ray lie on opposite sides of, and make equal angles 
with, the radius. The line so drawn represents the reflected 
I'ay. In Fig. 64, a number of rays, reflected from various 
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points on the hemispherical surface, have been drawn in this 
manner. 

It will be noticed that the rays, reflected from points in the 
immediate neigh- 
bourhood of the 
pole P, intersect 
the axis and each 
other in a point I ; 
this is the point 
which we have 
termed the image 
of 0 . On the other 
hand, it will be ob- 
served that when 
the point at which 
reflection occurs is 
remote from the 
pole, the reflected 
ray cuts the axis at 
a point nearer to the mirror than I ; and the more remote from 
the pole is the point of reflection, the nearer to the mirror does 
the reflected ray cut the axis. 

Similai'ly, when rays parallel to the axis are reflected from a 
spherical mirror, those rays alone which are reflected near thfe 
pole pass through the principal focus ; those reflected near the 
periphery of the mirror cut the axis at a point nearer to the mirror 
than the principal focus. This phenomenon is termed spherical 
aberration. The distance from the principal focus to the point 
where the axis is cut by rays reflected from the periphery of 
the mirror (the incident rays being parallel to the axis) is 
termed the spherical aberration of the mirror. 

It must also be noticed that any two rays, reflected from 
neighbouring points of the mirror at a distance from the pole, 
intersect each other before reaching the axis. Each point of 
intersection of neighbouring reflected rays is a sort of focus, and 
if we draw a curve joining all such foci, it is obvious that all of 
the reflected rays touch this curve. Such a curve is drawn in 
the lower half of Fig. 64 ; it is termed the caustic curve. The 
image I is situated at the cusp of the caustic curve. 

If we imagine Fig. 64 to rotate about the axis PQ, the 



Fig. 64. — Caustic formed by Reflection at a Spherical 
Surface. 
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semicircle APB will describe the hemispherical reflecting surface, 
and the caustic curve will describe a surface termed the caustic 
surface. All of the rays reflected from the hemispherical mirror 
touch the caustic surface. 

When a beam of sunlight shines into a cup containing tea, 
&c., the caustic curve, due to the rays reflected from the side of 
the cup, is formed on the surface of the tea. 

EXPT. 28.— Obtain a circular glass ring, cut from a cylindrical glass 
shade, and divide this into two semicircular portions. Lay one of these 
on a sheet of white paper, and place a small electric glow lamp at a 
point on the axis. A bright line on the paper indicates the position of 
the caustic curve. Notice the form of this curve when the lamp is 
placed at the principal focus, i.e., half way between the centre of 
curvature and the pole. 

Expt. 29. — In a manner similar to that used in drawing Fig. 64, 
draw the caustic curve when the incident rays radiate from the principal 
focus. 

Expt. 30, — In a similar manner, determine the form of the virtual 
caustic curve, when light-rays are reflected from a convex surface. 

Focal Lines formed by Eeflection at a Spherical Surface. 

— Let APB (Fig. 65) be part of a principal section of a 

hemispherical sur- 
face, of vdiich C is 
the centre of curva- 
ture, P is the pole, 
and PQ is the axis. 
Let 0 be aluminous 
point on the axis, 
and let OE, OD, be 
rays incident, in the 
plane of the paper, at 
neighbouring points, 
E, D, of the surface. 
The corresponding 
reflected rays, EH, DK, intersect each other at Fi, and cross 
the axis at different points. If OE, OD, are the limits of 
the section, by the plane of the paper, of a divergent incident 
pencil, then EH, DK, form the limits of the section, by the 
plane of the paper, of the reflected pencil. 

We must now enquire into the nature of the complete 
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reflected pencil. If we suppose Fig. 65 to rotate through 
a small angle about the axis PQ, the curved line DE de- 
scribes a small element of the reflecting sui'face, and the space 
DOE describes the pencil diverging from O incident on this 
element. Similarly, the space EHKD describes the pencil 
reflected from the element. The point describes a short, 
approximately straight, line, perpendicular to the plane of the 
paper; every ray in the reflected pencil passes through this line, 
which is termed the First Focal Line of the reflected pencil. 
Every ray also passes through the axis, so that the transverse 
section of the reflected pencil, where it crosses the axis of the 
mirror, is a short straight line, F2,in the plane of the paper; this 
is termed the Second Focal Line of the reflected pencil. Thus, as 
we pass from P ^ to F 2, the transverse section of the pencil changes 
from a straight line perpendicular to the plane of the paper, to 
a straight line in the plane of the paper; and as this change 
proceeds continuously, it follows that the width of the pencil 
perpendicular to the plane of the paper decreases, as the width 
of the pencil in the plane of the paper increases. Consequently, 
somewhere between F^ and Fg, the pencil must be equally 
wide in both directions. Here, the section of the pencil is 
approximately circular, and is termed the Circle of Least Confusion; 
this is the nearest approach to a point focus in the reflected 
pencil. 

Since a reflected pencil, foi'med in the manner just described, 
does not anywhere pass through a point, it is termed an 
astigmatic pencil.^ 

From the centre of curvature, C, draw the radius CG, passing 
through the middle point of the element DE. Thei^the line 
CG forms the principal axis of the surface element G 0 , and O 
becomes a point source of light situated at a distance from the 
axis. The pencil OED may now be termed an oblique centric 
pencil : oblique^ since its constituent rays are considerably in- 
clined to the axis ; and centric, since the rays are incident in the 
immediate neighbourhood of the middle point of the element. 
We thus see that an oblique centric pencil gives rise, on reflection 
at a spherical surface, to an astigmatic pencil, which passes through 
two mutually perpendicular focal lines, and Fg. Between these 
two focal lines is the circle of least confusion. 

1 Greek, a, without, and stigma, a spot or poirrt. 
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The circle of least confusion is the nearest approach to an image of 
the point source O, which can be formed by oblique centric reflection. 
Measurement shows that the circle of least confusion is nearer to the 
pole of the element DE, than T, which is the image of a point source on 
the axis CG, at a distance equal to DO from the element. This result 
may be generalised by stating that for oblique centric reflection a 
mirror acts as if its focal length were numerically less than for direct 
reflection. 

It will now be understood that the construction used on p. 36, 
in order to determine the image corresponding to an object of finite 
dimensions, will give correct results only when the object subtends a 
small angle at the pole of the mirror. In that case, a pencil from an 
extremity of the object is incident at a very small angle, and the twio 
focal lines of the reflected pencil practically coincide. When the object 
is large, the image will be curved, its edges being drawn up toward the 
mirror, and it will also be confused, owing to the circumstance that a 
point near the edge of the object gives rise to a relatively large circle of 
least confusion in the reflected pencil. 

Caustic formed by Eefraction at a Spherical Surface.— Let 
APB (Fig. 66) be a principal section of a hemispherical surface 



Fig. 66.— Caustic formed by Refraction at a Spherical Surface. 


of which C is the centre of curvature, P is the pole, and PC 
(produced) is the axis. Let there be air to the right, and glass 
(p = f5) to the left, of the surface. Having given a ray incident 
in the plane of the paper on any point of the surface; the 
refracted ray may be determined by the graphical method 
explained on p. 46. In Fig. 66, where the incident rays are 
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supposed to be parallel to the axis, several refracted rays are 
drawn. It will be seen that the rays, refracted near the pole of 
the surface, cut the axis and each other in a point, F. This 
point is the second principal focus of the surface. On the other 
hand, rays refracted at points of the surface remote from the 
pole, cut the axis at points nearer to the surface than the second 
principal focus ; and the more remote from the pole is the 
point of refraction, the nearer to the surface does the refracted 
ray cut the axis. This phenomenon is termed spherical aber- 
ration. The distance from the second principal focus to the 
point on the axis cut by rays refracted at the periphery of the 
surface, (the incident rays being parallel to the axis), is termed 
the spherical aberration of the surface. 

It will also be noted that rays, refracted at neighbouring 
points of the surface remote from the pole, intersect each other 
before reaching the axis. Each point of intersection of neigh- 
bouring refracted rays is a sort of focus, and a curve joining 
all such foci is termed the Caustic Curve. The caustic curve is 
drawn by itself in the lower part of Fig. 66. 

Expt. 31. — Obtain the virtual caustic curve when parallel rays are 
refracted at a concave hemispherical surface. 

Expt. 32. — Obtain the virtual caustic curve when rays, diverging 
from a point, are refracted at a plane surface. 

Focal Lines 
formed by Re- 
fr action at a 
Spherical Surface. 

— Fig. 67 is similar 
to Fig. 66, except 
that only two I'ays 
incident at points 
remote from the 
pole P, together 
with the corre- 
sponding refracted 
rays, are ■ shown. 

The refracted rays 
cut each other at 
Fj, and cross the axis at different points. By supposing 
the diagram to rotate through a small angle, we find that 



Fig. 67. — Focal Lines formed by Refraction at a 
Spherical Surface. 
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a parallel pencil, incident at D, gives rise to an astigmatic ' 

refracted pencil, passing through two mutually perpendicular 
lines at and Fa respectively. Fj is the first focal line of the 
refracted pencil ; Fg, which forms the transverse section of the , 

refracted pencil where it crosses the axis, is the second focal I 

line of the refracted pencil. From reasoning similar to that used [ 

on p. 125, it follows that, somewhere between F^ and Fa, the 
section of the refracted pencil is approximately circular. This r 

circular section is termed the circle of least confusion, and forms , 

the nearest approach to a point focus to be met with in the 
refracted pencil. 

If we draw the radius CD, then this line is the axis of the 
surface element immediately surrounding D. The incident 
pencil now becomes an ohli^ue centric pencil (p. 125), and we see ' 

that this gives rise to an astigmatic refracted pencil. Further, 
since Fig. 67 is drawn on the supposition that /x = i’5, it follows 
that the second principal focus for direct axial pencils is at a 
distance /ir/(/j,-i) = r 5 ^/o ’5 == 3^ from the pole. Direct j 

measurement will show that the distance, DF.^, is considerably 
less than 3XDC; and as the circle of least confusion lies j, 

between F^ and Fg, it follows that a refracting surface acts as | 

if its focal lengths were numerically smaller for oblique centric I 

pencils than for direct axial pencils. 

Image produced hy Oblique Centric Eefraction through a 
Lens. — Let us suppose that an object subtends a considerable 
angle at a lens; and that, by means of a diaphragm with a 
small circular aperture, the transmitted rays are limited to those 
passing through the middle of the lens> Then the extremities 
of the image remote from the axis will be formed by oblique 
centric pencils (Fig. 68). As proved above, the greater 
the obliquity of an incident centric pencil, the shorter is the 
effective focal length of each surface of the lens for that pencil, 
and therefore, the shorter is the focal length of the lens as a 
whole for the pencil. 

When a real image is formed by a convergent lens, the shorter the 
focal length of the lens, the nearer to the lens is the image. Thus, the 
parts of the image remote from the axis will be drawn up toward the 
lens, so that the image as a whole is curved (Fig. 68, L). 

When a virtual magnified image is formed by a convergent lens, the 
shorter the focal length of the lens, the farther from the lens is the 



SPHERICAL aberration 


129 


image. Thus, the parts of the image remote from the axis are drawn 
away from, the lens, and the image is curved (Fig. 68 II ) It 
perhaps easiest to remember > 


that the image formed by ob- 
lique centric pencils, refracted 
through a convergent lens, 
always has a positive radius 
of curvature. 

In the case of a divergent lens, 
the shorter the focal length, the 
nearer is the image to the lens. 
Thus, the parts of tlie image 
remote from the axis are drawn 
up toward the lens (Fig. 68, HI. ). 

In this case the radius of curva- 
ture of the image is negative. 

When • a virtual image is ' 
formed, and this is viewed di- 
rectly by the eye, curvature of 
the image is of small moment. 
The'angles subtended at the eye 
by different parts of the image 
are proportional to the angles 
subtended by the corresponding 
parts of the object. On the 
other hand, when a real image 
is formed on a flat screen, it is 
obvious that, if curvature exists, all 
sharply focussed. ^ 



Fig. 68.--Curvature of Images formed by 
Oblique Centric Pencils. 

parts of the image cannot be equally 


Curvature and Distortion of Image formed by Excentric 
Pencils.— An excentric pencil is one which is refracted through 
a ens at a looint 1 emote from the pole. The general charac- 
teristics of an image formed by such pencils must now be 
investigated. An excentric ray parallel to the axis, when 
lefi-acted at a spherical surface, cuts the axis at a point closer 
to the surface than the principal focus (p. 127). Similarly, an 
excentric ray parallel to the axis, when refracted through a 

" ""I "" than the 

principal focus. In other words, we may say that, for excentric 

rays, the principal foci of a lens are nearer to the lens than 
the true foci for direct centric rays. Let PQ (Fig. 69) be the 


K 
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Fig. 69.— Curvature and Distortion of Virtual 
Image, formed by Convergent Lens of Wide 
Aperture. 


principal plane of a lens of wide aperture, and let OBA be an 
object placed nearer to the lens than the first principal focins. 
The ray from the extremity A of the object, which is rendered 
parallel to the axis after refraction through tlie lens, cuts the len.s 
near the periphery, and is therefore an excentric ray ; con- 
sequently, it proceeds from a point on the axis nearer to the lens 

than the first principal 
focus. vSimilarly, a ray 
from A parallel to the 
axis will proceed, after 
refraction through the 
lens, toward a point 
closer to the lens than 
the second principal 
focus. These conside- 
rations will enable us 
to obtain the point C, 
which is the image of 
. A formed by excentric 

rays. Let B be the middle point of the object ; to determine the 
image of B, we must find rays from B, corresponding to those 
found above with respect to A. The rays from B will be less 
excentric than those from A, and will consequently cut the axis 
at points farther from the lens, and nearer to the principal foci 
than the corresponding rays from A. Remembering this the 
construction for the point D, which is the image of B, will be 
readily understood. It at once becomes evident that the image 
IS cyved, Its radius of curvature being positive; in addition, 
the image IS distorted, the part DC being more magnified than 
e pait ID. The curvature is not of much importance, but the 
( istoition may render the image very unlike the object, the 
peiipheial parts being magnified to a greater extent than the 
lal paits. Thus, if the object is ruled as in Fig. 70, A, so 
cL ^ number of equal squares, its virtual image, 

(Fig. 70)°''^ "" convergent lens, will have the character of^J 

convergent 

(Fig. 70). ^ ^ seen will resemble B 
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The characteristics of a real image, formed by excentric 
pencils lefracted through a lens of wide aperture, can be 
understood from Fig. 71. Let PQ be the principal plane of the 
lens, and let OBA be the object, of which B is the middle point. 




glim 


liiMi H 


mi 

ImiM 


A. 


B. C. 

Fig. 70.— Diffei'ent Kincts of Distortion produced by a Convergent Le 


A naiiow^excenti ic pencil from A is brought to an approximate 
focL^ at C, while a similar pencil from B is l^rought to a focus 
at D, the point C being nearer to the lens than D. Thus, the 
image is curved, its 
radius of curvature 
being positive ; in 
addition the image 
is distorted, the part 
DC being smaller 
than the part ID. 

Accordingly, if the 
object resembles A 
(Fig-. 70), the image 
will resemble C,the 
parts of the image 
remote from the axis being compressed. When a single lens is 
used as a photographic objective, this distortion is very marked • 
straight lines, such as the edges of buildings, give rise to curved 
lines on the negative. 

We can now form a general idea of the defects of an image 
produced, in any given circumstances, by a convergent lens. 

When the transmitted rays are limited by a diaphragm with a small 
central aperture.— The image, real or virtual, is curved, its radius 
of curvature being positive. , Distortion is absent. The imaee is 
distinct. ^ 

When no diaphragm is used, but the object is itself an image, .w that 

K 2 








LIGHT FOR STUDENTS 


CHAP. 


132 


the pencih by which the final image is formed are narrow. — In this case 
each pencil is lefracled through a limited part of the lens. The image 
is curved, its radius of curvature being positive ; it is also distorted, the 
peripheral parts being disproportionately compressed (real image) or 
expanded (virtual image). Each part of the image is distinct, being 
formed by a single narrow pencil. 

When the object is real, and no diaphragm is used. — Each part of 
the image is confused, being formed by pencils refracted through various 
parts of the len.s. The image is also curved and distorted. 

17 ^ 

Methods of minimising the Effects of Spherical Aber- 
ration. — The distortion due to spherical aberration can be 
diminished by decreasing- the effective aperture of the lens, by 
means of a diaphragm with a central aperture of suitable size. 
Such a diaphragm is termed a stop. When a sharply-focussed 
real image is required, it is preferable to stop out the central 
poi'Hon of the lens, and form the image by pencils refracted 
through the marginal portions. This was first pointed out by 
Lord Rayleigh ; the reason will be explained in the chapter on 
Diffraction (Chap. XVII). 

It is possible to design a lens of a given focal length which 
shall produce the mininuum amount of spherical aberration. 
The train of reasoning which must guide us in this task is as 
follows. It will be seen from Fig. 72, that the rays refracted at 
a spherical surface cut the axis in a single point, so long as their 
deviation remains small. Further, the aberration increases 
more and more quickly as the deviation becomes larger. 
Consequently, it must be our aim to confine the deviation 
produced at each surface within the narrowest possible limits. 
The best result will be obtained when each ray receives ecpial 
increments of deviation at the two surfaces of the lens ; in any 
other arrangement, the diminished aberration at the surface 
producing the smaller deviation is more than counterbalanced 
by the increased aberration at the other surface. For the devia- 
tions to be ecpial, light must enter one surface of the lens at an 
angle equal to that at which it emerges from the other surface ; 
or the angles of incidence and emergence must be equal. It Avill 
be remembered that a similar condition must be complied with in 
order that an object shall be seen distinctly through a prism (p.59). 

Let us'now suppose that a lens is required to bring parallel 
rays to a focus at a given point on the axis. The focal length of 
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the lens then becomes known, but we have yet to decide whether 
the lens shall be bi-convex, plano-convex, or concavo-convex. 

A glance at Fig. 72 will show that with an equi-convex lens, 
the angles of incidence and emergence of the rays cannot be 
equal. If the lens is plano-convex, and the plane surface faces 
the incident parallel rays, the whole of the required deviation 
must be produced at the 
second (convex) surface. 

If, on the other hand, 
the convex surface faces 
the parallel rays, both 
surfaces produce nearly 
equal deviations, and 
the spherical aberration 
will be minimised. This 
accounts for the frequent 
use of piano - convex 
lenses in optical instru- 
ments. The convex sur- 
face should face toward 
the incident rays, or the 
emergent rays, whichever 
are the more nearly paral- 
lel to the' axis. 

When powerful sjoectacles are worn, the lenses are generally 
plano-convex, the plane side facing the eye. The more convex 
surface of a telescope objective always faces toward the incident 
rays. The sphericail aberration of a plano-convex lens, when 
the plane surface faces the incident parallel rays, is between 
four and five times as g'reat as when the convex surface faces 
the incident rays. 



Fig. 72. — Illustrates the Method of xninimising 
Spherical Aberration. 


Crossed Lens. — hor a lens of crown glass to produce 

absolutely the smallest possible amount of aberration, it should be bi- 
convex, the radii of curvature of its surfaces being in the ratio i : 6, the 
more strongly curved surface facing the incident parallel rays. Such a 
lens is termed a crossed lens. The spherical aberration of such a 
lens is, however, only about 2 or 3 per cent, smaller than that of a 
plano-convex lens, used as above described. Ilence, crossed lenses of 
crown glass are seldom used. For flint glass (,u = i '6), the crossed 
lens is plano-convex. 
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Chromatic Effects of Spherical Aberration.— Since the 
refractive index of a lens is greater for blue than for red rays, it 
follows that the deviation produced at each surface of a lens 
is greater for blue than for red rays. Consequently the spherical 
aberration of the lens is greater for blue than for red rays. If 
the lens is used to form a real image, the marginal parts of the 
blue image will be compressed to a greater extent than those of 
the red image. If the lens is convergent, and a virtual erect 
image is formed by it, the marginal parts of the blue image will 
be distended to a greater extent than those of the red image. 

1 he chromatic effects of spherical aberration cannot be com- 
pletely eliminated, but they can be diminished by equalising the 
de\ iations pioduced at the two surfaces of the lens, oi* by pro- 
ducing the required resultant deviation by means of two lenses. 


Questions on Chapter VI 

1. What is meant by a caustic curve? A luminous point is moved 
from a distance along the axis of a concave mirror towards the mirror. 
Indicate the position of the geometrical focus, and the form of the 
caustic for various positions of the point. (A. 1897.) 

2. Show that a small pencil of rays obliquely reflected from a 
spherical surfacj passes approximately through two small straight lines 
lying m planes at right angles to each other. (H. 1895.) 

3. A source of light is placed at the principal focus of a concave 
mirror of large aperture. Draw a picture showing the paths of the 
reflected rays. (A. 1901.) 

4. A small cone of rays from a point source is incident obliquely 
upon a plane transparent surface. Show that after refraction the rays 

appear to dii crge from two focal lines, and calculate their positions, 
(li., I., igo2.) 

5 - Investigate the form of the image of a small straight line placed 

on, and perpendicular to, the axis of a lens. (H. 1893. ) 

distortion produced when an object is 
vievcd through (i) a convex, (2) a concave lens. (H. 1896.) 




chaptp:r VII 

REFRACTION OF AXIAL PENCILS BY A THICK LENS 


When investigating the refraction of axial pencils by a thin 
lens (p. 67), we assumed that the distance v\ from the first 
surface of the lens to the image formed by refraction at that 
surface, was very great in comparison with 4 thickness of 
the lens. The image formed by refraction at the first surface 
acts as the object in the refraction at the second surface ; and 
we assumed that iv' + t\ the distance of that object from the 
second surface, was sensibly equal to v'. In thick, short focus 
lenses, this assumption is not generally admissible. In the 
present chapter we shall investigate the refraction of axial 
pencils by a lens of sensible thickness. ^ 

Let ic be the distance, measured from the first surface of the 
lens, to a luminous point on the axis ; and let an image of this 
point be produced by the first refraction, at a distance v' from 
the first surface. Then, if \x, is the index of refraction of the 
substance of which the lens is composed, we have (p. 62) — 


where /j is the value of u corresponding to v' = cc. It is obvious 
thatyj will be the first focal distance of the first surface of the 
lens (p. 62) ; and if r^ is the radius of curvature of that surface, 
we shall have — 

I _ \i. — I 

fx~ ~ ■ 

If V is the distance, measured from the second surface of the 
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Chromatic EiFects of Spherical Aberration— Since the 
refractive index of a lens is greater for blue than for red rays, it 
follows that the deviation produced at each surface of a lens 
IS greater for blue than for red rays. Consequently the spherical 
aberration of the lens is greater for blue than for red rays. If 
the lens is used to form a real image, the marginal parts of the 
blue image will be compressed to a greater extent than those of 
the red image. If the lens is convergent, and a virtual erect 
imag-e is foianed by it, the marginal parts of the blue image will 
be distended to_a greater extent than those of the red image. 

I he chromatic effects of spherical aberration cannot be com- 
pletely eliminated, but they can be diminished by equalising the 
deviations produced at the two surfaces of the lens, or by pro- 
c ucing the required resultant deviation by means of two lenses. 


Questions on Chapter VI 

I. What is meant by a caustic carve? A luminous point is moved 
T,?r ^ Ae axis of a concave mirror towards the mirror. 

1 mate the position of the geometrical focus, and the form of the 
caustic foi various positions of the point. (A. 1897.) 

Obliquely reflected from a 
through two small straight lines 
lying 111 planes at right angles to each other. (H. 1895.) 

niin-nv^irT*^^ placed at the principal focus of a concave 

Acideiit obliquely 

■ i neVr 1 T after refraction the rayl 

(11^1., calculate their positions. 

5 - Investigate the form of the image of a small straight line placed 
on, and perpendicular to, the axis of a lens. (H. 189:5. ) 

viewed (IT" tlLtorliun produced when an object is 

ewed through (i) a convex, (3) a concave lens. (H. 1896.) 
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REFRACTION OF AXIAL PENCILS BY A THICK LENS 

When investigating the refraction of axial pencils by a thin 
lens (p. 67), we assumed that the distance v\ from the first 
surface of the lens to the image formed by refraction at that 
surface, was very great in comparison with /, the thickness of 
the lens. The image formed by refraction at the first surface 
acts as the object in the refraction at the second surface ; and 
we assumed that i^v' + f), the distance of that object from the 
second surface, was sensibly equal to v' . In thick, short focus 
lenses, this assumption is not generally admissible. In the 
present chai^ter we shall investigate the refraction of axial 
pencils by a lens of sensible thickness. 

Let tc be the distance, measured from the first surface of the 
lens, to a luminous point on the axis ; and let an image of this 
point be produced by the first refraction, at a distance v' from 
the first surface. Then, if /x is the index of refraction of the 
substance of which the lens is composed, we have (p. 62)— 


where/j is the value of u corresponding to v’ = 00. It is obvious 
thatyj will be first focal distance of the first surface of the 
lens (p. 62) ; and if yq is the radius of curvature of that surface, 
we shall have — 

Z. _ — I 

fi ~ n~ ' 

If V is the distance, measured from the second surface of the 
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lens, to the imaye formed by the refraction at that surface, 
then we shall have — 


v' + t fl (“) 

where/, IS llic value of 7/ con-espoiidiiig to 7/ = co. / obviously 
will be equal to the second focal dis/ance of the cecmd surface 
IP* and its value will be given by 

I i ~ fi 

% ’ 

where is the radius of curvature of the second surfece. 
Equating the values of?/ found from (i) and (2) 

A- 

Jtl ~ /o - V 

Multiplying IhroughouL by (yj - «)(y, _ 

- ?^) -I- /(/, - „)(/^ _ „) _ ^ 

Collecting terms in iiv, u, and v, 

Wi -fi). + ^1 Hv -I- (/r/1/0 ~fy)u - (^y;y„ ^ 

. • . uvA- u - +/,/ y;yy- 

'“(/a “Tl) + t M(y2“/i)+ i 

This equation can be transformed into one of the form— 


■V - ^ a - a. E 


terniTin^ffr ^ throughout by E(« - collect 

Lei ms in uo, u, and v, we obtain — 

- (F + ^)u + (F - a)v - r(^ - a) + a /3 = o. . (5) 

In Older that (3) and (5) shall be identical, we must liave— 

- F - ;3 = 

+ t ■ •. (6) 

- F + B = + f}l__ ■■ 

f^{/2-/i)+( ( 7 ) 

- Fi9 + Fb = 

i^iA -/])+( («) 

threhulL:w„‘qi“u,*'“ *ta*n»„s^e,„ati™.s to deteouiue the 
quamuicb, a, fs, and h. To solve these, first multiply 
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together the corresponding sides of (6) and (7). From this operation 
we obtain — ^ 

- a/8 + F;8 - Fa + F^ = (M/2 ~ A + U) 

U,l f F\ t • • ( 9 ) 


lidding (S) and (9)- 


Wi -A) -I- 4“ 


IT, ^ + MAAzJAsJi!£ 


M/2-/i) + 4 " ' 

= ^Afif:^zAf£W^fA)Ai ^}+A/2^Im(/2-/) + t 

{M /2 -/i) + tf 

^ A//2P 

IM/2 -/i) + tf 

jr — MA 

“m(A-/i) + / 

In Older to determine whether the positive or negative sigm 
applies to the present problem, it should be noticed that (10) 
must be true for all^ values of /. When 7=0, the problem 
1 educes to the determination of the relative positions of object 
and image, when the light is refracted by a thin lens. Now' 
since rays from a luminous point at a distance A H'onr the first 
surface are reduced to parallelism within the lens, and these 
parallel rays are brought to a focus at a point distant /, from the 
second surface of the lens, it is evident that/ and / are conjugate 
focal distances. When 7 = o, a and /3 in (4) will both be equal to 
zero, bubstitutmg « = o, ^ o, v/ = / in (4), we obtain- 


f. fx 
F = 


F’ 


/lA 

Substituting 7 = o in (10), we see that we obtain the value of 
I lust found, provided that we take the negative sign. Hence, 

F / I 

f-(/,-A) + ^ 

Fiom (11) and ( 6 ), it is easily seen that — 

f,i 


13 = 


(A —/) + 7 ‘ 


. (12) 
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From (ii) and (7), we see that— 


At 


+ ■ ■ ■ 


• ()3) 


Hence, a/^ = /3/j, an important relation which we shall sub- 
sequently find useful. 

It should be noted that, if we measure V from a point at a 
distance ^ in the positive direction from the second surface, 
while U is measured from a point at a distance u in the 
positive direction from the first surface, then we may write — 

u - a — U, and v - [3 — V. 

W e can now rewrite (4) — 


a formula similar to that used in connection with a thin lens 
(p. 69). _ 

Principal Points and Principal Planes.— The point at 
a distance a from the first surface of the lens is termed the 
first principal point of the lens. The point at a distance /3 
from the second surface is termed the second principal point of 
the lens. When positive, these distances are measured from 
the surfaces of the lens in a direction opposite to that of the 
incident light. 

Planes drawn perpendicular to the axis through the ]3rincipal 
points are termed the principal planes of the lens. 

U = ~ F when V = 00. Hence, - F is the first focal distance 
of the lens. Its magnitude is, of course, determined by (i i), and 
it is measured from the first principal point of the lens. Also, 
\ = h when U — cc. Hence, F wall be the second focal distance 
of the lens ; this is measured from the second principal point of 
the lens. The first and second focal distances of a lens sifr- 
rounded by aincdiuin of uniforni refractive indcx^ will, therefore, 
be equal in magnitude but opposite in sign. 

Hefractioii by a Lens separating Media of Diiferent 
Refractive Indices. — Let us suppose that the refractive index 
of the substance from which a lens is formed is equal to /Xj,, and 
that the refractive indices of the media on the positive and 
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negative sides of the lens are respectively equal to u, and a . 
Then, for the first refraction— 


El 

•z/' 


where 


I 

A 


2 _ _ I 
^2 - Ml j_ 


(«) 


I 01 the second lefraction, w'e shall have — 
tl fhi 


ivhere 


I 

"A 


Ms ““ M2 I 


(^) 


We may transform (a) and (d) into forms similar to (i) and (2) 
PP- 135-6, ' 

^ 

Ml Ml 
-L.- M2 _ I 

iL + 0 ""3"’ 

Ms Ma 

These two equations are obtained from (i) and (2), by writing 
instead of — instead of ii, ~ instead of v, -A instead of /i, and 

— instead of The solution, which consists essentially in the 

ehmmation of will be obtained by inaliing these substitutions in (4), 
(ii), (12), and (13). Thus (4) must be altered into— 


7.) 



Ma 

Ma 


u 

Ml 

Ml 


1 

F‘ 


“ Ma^ « - /<i« F' 

If U = « - and A'' = v - ^^0, we may rewrite this equation- 

Ma _ ^ _J_ 

V U “F- 



140 


LIGHT FOR STUDENTS 


CHAP. 


The first focal distance of the lens will be equal to -^jF, and the 
second focal distance will be equal to ^.,F. In this case, therefore, the 
focal distances of the lens are numerically unequal, being in the ratio 
of the refractive index of the first, to that of the second medium. The 
respective distances of the first and second principal points from the 
first and second surfaces of the lens will be ecjual to a' = and 



hjh/il 

~ Ma/i) + 


/3' = ,aj,/3 = 


. 


It should be noted that_/^a' = 


N 


f 




A 

£) 
\M;l Ml/ 


+ t 




^2(Mi/ 2 “ Mii/i) + MiM;/ 


The Principal Points of a Lens are Conjugate Foci. 


We nnay prove this statement for the case of a lens separating 
media of differentre fractive indices, and it will then become 
evident that it applies to a lens under any conditions. 

As proved above — 


M;{ _ Ml _ \_ 

V - u - CL F‘ 

- V — ^ M,-;! ~ o) 

fijF + [u ~ a)’ 

When t( = a', we have {v-f:i')==o, whatever may be the value of 
Mg, and F. Hence, an object at a distance a from the first 
surface of the lens {t.e. an object at the first principal point) will 
produce an image at a distance from the second surface of 
the lens (/.^.^ at the second principal point). When the first 
principal point is outside the lens, on the positive side, a real 
object may be placed there. When, however, the first principal 
point lies inside, or on the negative side of, the lens, the object 
inust^ be virtual, formed by a pencil of rays which, before 
entering the lens, converge toward the first principal point. A 
real object placed at the first principal point, when that is inside 
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ir^’s^Ses*!" W>ytoreftac.i„„‘: 

The Principal Planes of a Lens are Planes of Unit 
Magnification.— Let us suppose that a real image, situated at 
the posumn occupied by the first principal plan! of the len! 
would be foimed by convergent pencils of light, if the lens 
Avere removed. With the lens in position, this image Avill no 

sinc!\he h'r T is within the lens, 

nee the light ,s refracted by the first surface of the lens 

to foim the same image as before. The dimensions of this 
V 11 tual image will naturally be the same as those of the real 
image that would be produced if the lens were removed 
In these circumstances an eye, placed on the negative side of 

he e!s Th^ principal plane of 

the lens. This follows from the fact that the principal points 

. e conjugate foci. It will now be proved that the dimensions- 
of the image seen m the second principal plane are equal to 
s'°eL^ r principal plane, and if one image 

I ^ ^-^'is of the lens and 

et A be the first focal point of the first surfiice of the lens The 

lays of light radiating from A ivill be rendered parallel after 
lefiaction at the first surface. Let AB be the ray from' the 
upper e.xtremity of the object O which passes through A t e 
first foca point of the first surface, or whidr would pass thr!ud! 

A if produced backivards. This ray will traverse^ the lens In 
the path BC, parallel to the axis. After refraction at the second 
sill face, the same ray will pass through F, the second focal 
pomt of .he second surface of the lefs. Froin ^0 tmuH 
a ready obtained, we can calculate the position of the image i 
ultimately formed ; further, it is clear that the ray CF rffpL ’ 

«remhv '’o H >'PP- 

extiemity of O. Hence, we can draw the image I. 
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^ Drop perpendiculars, BD, CE, from B and C on to tlie axis. 

' len the lays A B, Ch,are nearly parallel to the axis, the feet of 

of the^'X h '"If"'" "’f lie in the intersections 

ot the ax s by the surfaces of the lens. Let 1)B = EC =r 

et - distance of O from first surface, and 7/ = distance of 
and - - IE (approximately). If /, is the first focal distance 



of t e fiist suiface (=DA), while / is the second focal' distance 
of he second surface (= -FE), and if tlie heights of olnect 
<and image aie equal to 0 and i respectively, then— 

■ Z P 
fi A - 

Also- i 

-A -(/-/• 

Let = the magnification produced by the lens. Then- 
m = - 

° A(f\ - A' 

i niS forniulcL will tlir* i' 

» = r-fo torT' “r “'f " "’=■ p™^ip“'' 

/1/2 -/a' " ^ 

since =/.,'(p. 140). 
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As 


_ a consequence, a j^encil of rays, converging-, before 
entering the lens, towards a point in the first principal .plane 
at a distance h from the axis, will, after refraction by the lens’ 
c neige from a point m the second principal plane, on the same 
side of the axis, and at an equal distance, /q from it.. Finally 

a the first principal plane, at a 

stance from the axis, will give rise to a transmitted ray pro- 
ceeding from a point in the second principal plane, on the same side 
of the axis, and at a distance, h, from it. 

Oraphic: Determination of Images,-Havlng determined 
le piincipai planes of a lens, we can easily constiaict the 
image corresponding to any object placed on the axis of the 



Fig. 74.— Graphic Determination of Image. 


lens Let planes lie drawn through Pj, P., (Fig. 74), the prin- 
cipal points of a lens, and let F^ and f; be the finst and 
second pimcipal foci of the lens. Draw any object O above 
the axis Then the ray from the upper extremity of o’ which 
passes through F^ (after being produced backwards if necessary) 

1 be rendered parallel after refraction by both surfaces of the 
_s. Also this lay will leave the second principal plane at a 
pom on the same side of the axis, and as far from it, as the point 

?hiI fol o f ■ incident ray. 

This follows from the law deduced in the last paragraph. 

Further, the ray parallel to the axis, from the upper ex- 
tremity of O, will, on leaving the lens, pass through the 
second principal focus, F^. Drawing the ray parallel to the axis 
horn the upper extremity of O, the intersection of the first prin- 
cipal plane by this ray will be on the same side of the axis, and 
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as far front it, as the intersection of the second principal plane 
Ity the ray refracted through Fg. Hence, we may draw the latter 
ray. The two refracted rays which we have determined will meet 
if suitably produced, in the extremity of the image I, which 
corresponds to the upper extremity of O. 

It should be noticed that the ray passing through the lens 
does not actually pass through the two points, on the same side 
of the axis and equidistant from it, in the principal planes. The 
line joining the intersections of the first and second surfaces of 
the lens, by the incident and refracted rays respectively, will, of 
course, give the actual path through the lens. 

Formulae for Magnification.— A glance at Fig. 74 will 
suffice to show the truth of the following formuhn. Let w and v 
l:)e the distances of object and image, measured from the first 
and second principal points respectively ; and let Fj and F., be 
the first and second focal distances of the lens, also respectively 
measured from the first and second principal points. Then — 


in 



— F2 + 7/ 

f7~’ 


(Remember that in Fig. 74, Fg has a negative value.) 

The alDove formulm should be compared with those obtained 
for a thin lens (p. 72). As already proved, and Fg will differ 
only in sign, unless the media on opposite sides of the lens 
have unequal refractive indices. 

Nodal Points. — There are two other points on the axis of 
a thick lens which possess properties which can sometimes be 
used to simplify the solution of prolDlems. A ray of light, 
directed from the positive side of the lens toward the first 
of these points on the axis,' will, after refraction by the lens, 
proceed from the second point on the axis, in a direciion 
-pai'allel io that of the mcident ray. These points are termed the 
first and second nodal points respectively. 

The existence of the nodal points of a thick lens with the 
same medium on both sides of it may easily be inferred. 

Let Fig. 75 represent a thick convergent lens, of which A and 
B are the centres of curvature of the first and second surfaces 
respectively. From A draw any radius, AP, to the first surface, 
and from B draw BQ, a radius to the second surface, parallel to 
AP. Then the small elements of surface at the points P and Q 


vir 
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will obviously be parallel to each other, since they are per- 
pendicular to radii which are parallel. Hence the ray CP 
winch, after refraction at P, traverses the path PQ, will on 
emerging from the lens, fol- ’ 

low the path QD parallel to 
CP ; this follows from the 
fact that the two refractions 
which it has undergone oc- 
curred at opposite, parallel 
surfaces of a refracting me- 
dium. If necessary, produce 
CP to meet the axis in Nj, 
and produce DQ to meet the 
axis in Ng. Then, and 
N2 are the first and second 
nodal points of the lens. 

Fig. 76 shows the con- 
struction for the nodal points 
of a thick divergent lens. 

separates 
inclices. We shall now 
determine the position of 
the nodal points in this 
case, the most general 
one possible. 

Let PiCjPgKfFig. 77)he 
the first and second principal 
planes of a lens, and let Fj 
and Fg be its first and second 
principal foci. Let be the 
first nodal point. Let EN, 
be any ray directed tow'ard 
Nj. Produce this ray to 
meet the first principal plane 
in L. Then, after refraction 




Fig. 75.— Nodal Points of Thick 
Convergent Lens. 


, ... by the lens, this ray will 

proceed from M, a point in the second principal jdane on the same side 
of the axis as L, and at a distance P^M = P,L from the axis. Also, 
^nce Ni IS the first nodal point, MQ must be parallel to EN,. Produce 
QM to meet the axis in N^. Then N^ is the second nodal point 


L 






It at once becomes evident that the distance between the nodal 
points Nj and N.j is eq[ual to the distance between the principal 
points and 1\. For and N,N,I.M are parallelograms with 

a common side ML, and lietvveeii the same parallels ML and .PoN,. 
As a consequence, PjNi = ILNjj ; otherwise ex].)ressed, the first nodal 
point IS as far m advance of the first principal point as the second 
nodal point is of the second principal point. 

^ perpendicular to the axis, and cutting the incident 

perpendicular to the first princiiial 
plane PjG. Then the ray EG, after refraction by the lens, will proceed 
from K, a point in the second principal plane, on the same side of the 
axis as G, and at a distance PjK from it, such that P.2K = PjG j and 

since EG is parallel to 



the axis, the refracted ray 
KFjj will pass through 
the second principal 
focus Fj. 

Further, since E is a 
point in the first focal 
plane of the lens, all rays 
diverging from E will be 
rendered parallel after 
refraction by the lens. 


Fig. 77.— Relation between the Nodal and Plence, KFo is parallel 

Principal Points of a Thick Lens. to MQ, and" therefore to 


ENi. 

Thus, the two tiiangles KF2P2 and ENjFj are equal in all respects, 
since the corresponding sides of the triangles are parallel, and KPg = 
GPj = EFj. Consequently. FoPg = NjF= PjFj - PjNp 
^ Let the distance PjFi, which is positive and equal to the first focal 
distance of the lens, be equal to Fj ; since P2F2 is equal to the secoj^ 
focal distance of the lens, we may denote it by Fg. Then, if 7t is 
equal to P^Nj, the distance of the first nodal point in advance of the 
first principal plane, we have — 


^;=PiFi - Fg Po ^ + P^Fa = Fi + Fa. 


When the lens is surrounded by a medium of uniform 
refiactive index, F^= - Fg (p. 138). Hencp, in this case n = o, 
and the nodal points coincide with the principal points of the 
lens. In other cases the position of the nodal points can be 
determined by the formula just given. 



VII 


THICK LENSES 


147 



Fig. 78. — Use of Nodal Points to determine 
Magnification. 


T Points in determining Magnification.— 

Let Nj^ and Ng (Fig. 

78) be the first and 
second nodal points 
of a thick lens, and 
Jet O and I be an ob- 
ject and the corres- 
ponding image. Then, 
since the ray, from 
the upper e.xtremity 
of the object to the 
first nodal point, is 
parallel to the ray from 

the second nodal point to the corresponding extremity of the 
image, we ha\’e — o / 

i v' 

VI = - = 

0 tP 

"<>' = distance NjO, 

„ N,I. 

We may express this result differently, by stating that the 
0 Dject and image subtend equal angles at the first and second 
nodal points respectively. 

When V and u' have opposite signs, as in the upper drawing 
(P>g- 78), 7n IS negative. In such a case the image is the 
inversion of the object. When, as in the lower drawing (Fig. 78) 
u ^I'ld w have similar signs, the image I is erect. 

^Cardinal Points.— The discovery of the properties of the 
] iSncipal points of a thick lens was originally made by Gauss. 
Listing investigated the properties of the nodal points. The 
piincipal points, nodal points, and principal foci of a lens are 
termed its cardinal points. 

Ihe po.sition of the cardinal points of any lens can be 
deteimined by the aid of the formuke already obtained. It can 
be shown, by the aid of these formulie, that, in the case of a lens 
• miounded by a uniform medium, the principal points (which in 
his case coincide with the nodal points), will be situated within 
e lens if the latter be biconvex or biconcave. A plano-convex 
or plano-concave lens will have one principal point in the curved 

L 2 
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surface, and the other inside the lens at a numerical distance 
from the plane surface ecjual to In a concavo-convex lens, 

the principal points may both be outside the lens (Fig. 76, p. r45). 

Cardinal Points of a System of Lenses. —Equations (12) 
and (13), p. 73, for determining the relative positions of image 
and object with respect to two thin co-axial lenses separated by a. 
finite distance, are of the same general form as equations (l) arid 
(21, pp. 135-6. Thus the solution of equations (12) and (13), 
p. 73, can be found by making suitable changes in equations (ii), 
(i-)) (13)) PP- 137-8. Thus, we see that a combination of two 
thin co-axial lenses in air possesses two pidncipal points, which 
coincide with the nodal points ; the combination also possesses 
two focal distances, equal in magnitude, but opposite in sign, 
which must be measured from the corresponding principal 
points. A single thick lens, having the same principal points 
and focal points as the combination, will be exactly equivalent 
to the latter. The magnification produced by a lens com- 
bination can thus be determined by the method explained with 
relation to a single thick lens. 

Experimental Determination of the Nodal Points of a 
Thick Lens, or a System of Lenses. — As we have seen, an 
incident ray, proceeding toward the first nodal point of a lens or 
system of lenses, gives rise to a parallel ray proceeding from 
the^ second nodal point. Dr. Clay has utilised this law in 
designing an elegant experimental method of determining the 
nodal points of a thick lens, or system of lenses. It can Ire 
used in connection with a photogn-aphic lens system, the 
focussing lens system of an optical projection lantern, etc. 

I. Lotivet gsut Lens, or Lens Combincition , — The lens (or lens com- 
bination) is mounted, with its axis horizontal, in front of a white screen 
pro\ided with an illuminated aperture. On the side of the lens remote 
from the screen is placed a vertical plane mirror. When the lens is 
adju-sted .so that the illuminated aperture is at its first focal point, rays 
from the aperture are rendered parallel after traversing the lens, and 
t an lie reflected back along their original path by the plane mirror ; an 
image of the aperture is then formed on the screen (p. 112). In general, 
if the lens is rotated about a vertical axis intersecting the optic axis, 
the image on the .screen will be di,splaced ; but if the axi.s of rotation 
pa.s.ses through the first nodal point of the lens, the ray from the centre 
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of the aperture to the first nodal point will always coincide with the 
optic axis, and the transmitted ray will always be parallel to the optic 
axis. In tliis case, if the transmitted ray is reflected normally from Ihe 
mirror for any position of the lens, it will still be reflected normally when 
the lens is rotated through a small angle, and the image on the screen 
will not be displaced. 

The lens is mounted on a carriage which can be rotated about a 
vertical axis, and the position of the lens with respect to this carriage 
is adjusted so that the image formed on the screen is not displaced 
when the carriage is rotated through a small angle. The intersection 
of the optic axis by the axis of rotation -will then gi\'e the first nodal 
point of the lens ; the distance from the a.xis of rotation to the 
illuminated aperture gives the first focal distance of the lens. 

Turning the lens end for end, and repeating the above adjustments, 
the^ other nodal point can be found. 

The nodal points of a lens may also be found by determining the 
focal length of the lens b}' the magnification method described on 
p. 115, and then measuring this distance from the first principal focus, 
determined by the method described on p. 112. 

2. Divergent Lens, or Lens Combination . — In this case a convergent 
lens is mounted on a separate .stand between the lens to be tested and 
the aperture, the remaining arrangements being the same as described 
above. The first adjustment is to obtain a distinct image on the screen. 
The lens to be tested is then adjusted with respect to the carriage on 
which it is mounted, until its rotation produces no displacement of the 
image. The intersection of the optic axis by the- axis of rotation gives 
the first nodal point. The lens to be tested is then removed from its 
carriage, and the distance between the axis of rotation of the latter, and 
the real image formed by the convergent lens, is measured ; this distance 
is ccpial to the focal length of the lens to be tested. Turning the lens 
to bo te.sted end for end, and repealing the above procedure, the other 
nodal point can be found. 

The Optical System of the Eye. — The methods developed 
in the present chapter may be extended to embrace the solution 
of a problem at once interesting and important, viz. the deter- 
mination of the cardinal points of the human eye. When 
these have been found, the most important problems in relation 
to the refraction of the eye admit of a ready and simple solution. 

The structure and functions of the eye will be fully described in 
Chapter VIII. For the present, we may confine ourselves to an 
investigation of the refractive properties of the eye. For this purpose 
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curvatures of the various 

Tl,r2 “mow,- ““ "'*■ 

of cunaU^^ 

Aejmcilve index of cornea and aqueous and viircoits 

humours _ .-, r 

C)ystaUuie lens : — • • • — i o3 ' S 

I'hickncss _ 

radnis of curvalitre of antenor sitrfnce . , . = - lo'oo \\ 

.. „ posterior ,, , , , == + 6-oo ’’ 

Ulster nee Jroni anterior surface oj cornea to 

anterior surface of lens . , _ ,.gg 

Effective i-qractive index of lens — i’437l ” 

We must now proceed to find the cardinal points of the eye. 
When these have been obtained, problems involviiw the 
determination of ocular images .can be solved in the manner 
already explained. 

Cardinal Points of t^he Crystalline Lens.— These will 
correspond to the cardinal points of a lens of 3-6 mm. thickness, 
composed of a substance of which the refractive index is equal 
^01 437L and surrounded by a medium of M-hich the refractive 
iii^dex IS equal to 1-3365. Thus, the efifective refractive index 
surrounded by this medium, will be equal to 
7.-3-^^- = 1 -075 3- Then (p. 135), 

-- = _ ^ ~ ^ _ ‘0753 

/i )\ - ‘‘'fi = I32'8 mm. 

i- = Lzff; = _ _ . 

/a 6 ~ 01255. • /a = - 797nmi. 

To find the first and second principal points, we have (pp. 137-8), 

a Ai .. ^ — 132'S 

KA - A) + l I •o7S( - 1 32 -87+^6 = “2-12 mm. 

8 - = ...T_797 X 3-6 

/^C//-/i) H - 1 ro75( - 797 -' i32'-8y+ 3-6 “ ^ 

The tot priMip.l f„.l lengtt, _ 

tP" ^ n7/j 

-F = d Ai F075 X 132-8 ^( - 797) 

p(/a -7i) + f ro75(- 79-7 _^i37-8y 777:5 “ So’di mm. 
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Cardinal Points of the Eye as a Whole.— We may neg- 
lect the effect of the refraction of the cornea, and treat the 
anterior surface of the latter as the convex, bounding surface of 
the aqueous humour, for which the refractive index, /x', is equal 
to r3365. The radius of curvature (r^) of the anterior surface 
of the cornea is equal to - 7 '829 mm. ; the connection between 
/q the distance of an object, and v', that of the corresponding 
image, is given by — 

4-7 -- I ('0 


'3365 

-7-829 


(j) = 23-27 mm. 


The first principal point of the crystalline lens is, as proved above, at 
a distance of 2-12 mm. behind the anterior surface of the lens, and 
therefore at a distance 3-6 + 2-12 = 5-72 mm. behind the anterior 
surface of the cornea. Call this distance Now we have found a 
very simple relation between the distances of object and image, when 
these are respectively measured from the first and second principal 
points of a lens (p. 138). The image formed by refraction at the 
cornea will act as object in the refraction by the crystalline lens; its 
distance from the first principal point of the lens will obviously be 
equal to v' -1- A Then, if v is the distance from the second principal 
point of the lens to the image ultimately formed, we have — 


. . {(>) 


Our object must now be to bring (a) and ( 6 ) into forms similar to those 
of equations (i) and (2), pp. I35-6. Equation («) needs no modification ; 
we must, however, multiply (d) throughout by fj,', 


Equations [a] and (r) are obtained from equations (l) and (2), pp.135-6, 

V 

by leaving u unchanged, altering a into /r', writing cp for 7^, and —7 
F 

for V, and lastly, writing — for f^. To avoid confusion, we also 

write a! and instead of o and p, and - F for the first principal focal 
distance of the eye. The solution of (a) and (c) can be obtained by 
making these changes in equation (4), p. 136, and equations (il), (12)) 
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Ibnli-’’ (^■) above, in llic 

^ I I 


_ 23-27 X (_- 50-61) 

- 50-61 - 1-336 X 23-27 -I- 5-72 ~ ^5 50 mill. 

ufThe If’" f the jjosilionof llie first principal point 

r f o! .!, from Urn anferior 

hf -e!! ^ ® mea.surecl from the same point. We 

= --■ . if ---v — = - 

m'( -~ -(Pj + t ~ SO'^r - 1-336 X 23-27'-i- 572 


= -^ 1 75 mm. 

of^'the "rrv’n f'’ ^'‘I'^asurecl from the second jirincipal point 

1 on S r. ‘'7' ■' “ ‘■"™“ »W'" U.0 

' v-(S 

fi ' p ' = - 50-61, X, 5-72 

/(A - i ■“ 50‘bi - 1-336 X 23-27 + 5-72 

= + 3 'S I mm. 

IfiJr.?”/ fli'^lanco of Iho second principal point of the eye from 

of the ^ ■'^ cttmea, notice that the second principal point 

L alter s ,., 7 »f‘''e l.nsfatul 

t e sSLril r r,‘ °f “’•= H^ncc, 

uie second piincipal point of the lens is >7-70 j - o ^ -u i.- 

the anterior surface of the cornea Tl, I ~ n ^ ^ 

eye is, as just found, 3-81 mm /„ W Tf P’"”7^'^P°mt of the 
of the lens; hence, it will be second prnicipid 

anterior surface of the cornea. ^ 31-212 mm. behind the 
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nhirlr '“'f corresponding distances of ima^re and 

object, lespectively measured from the second -inrl ^ 

points of the eye, then we may wHte- fi>=tpnnc,pal 

_ -L — ^ 

V u ~Y' 

WJien V = 00, Ave have u = -F. Hpnrp -tr lo o, £4. • . 

"'tlm ri^i 

principal focus of tire eye is at a distancrofVq-srm'm in 
ol the hrst principal point of the eye, or ic'co -VV - t-'tc ^ 
.n fi'ont of the anteriot surface of ftelrnem ‘ 

When u - CO, we have v = f,'F. This value of v is ob- 
viously equal to the second principal focal distance of the eye 
measured from the second principal point of the .eye ; its value 
_ qual to _ I 336 X i5'5o = - 2071 mm. Since the second 
principal point of the eye is at a distance of 2-12 mm. behind 
the anterior surfece of the cornea, the second principal focus of 
be eye is at a distance of (2071 + 2-12) = 22-83 mm. behind 
the anterior surface of the cornea. 

The distance between the two Nodal Points of the eve is 
equa to the distance between the principal points of the' eve 

firsf ~ distance of the 

first nodal point m advance of the first principal point of the 

eje IS equal to the algebraical sum of the focal distances of the 
eye p 146J. Hence, the first nodal point is at a distance equal 
to 15 50 - 20-71 =- S-2i mm. from the first principal point of 

cAhr’""" '75 = 6-96 mm. behind the anterioi surface 

of the cornea. The second nodal point ivill l,e at a distance 
6 96 + 0-37 = 7-33 mm. behind the anterior surface of the cornea 
We may now conveniently collect together the information 
Me have acquired relative to the positions of the cardinal points 
of the eye. All distances are measured from the anterior surface 
ot the cornea, with the ordinary convention as to signs. 

First F'ocal I'oint q. 137301111 

Second Focal Point - 22-83111111 

First Principal Point - 

Second Principal Point - 2-12111111. 

1 -brst Nodal Point — 

Second Nodal Point — 7-3301111. 
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The Schematic Eye.— The iippei- diagram, Fig. 79 ) 
pvesents schematically the positions of the cardinal points of 
the eye, relative to the cornea, crystalline lens, etc. In order 
that a distant object should be seen clearly when the eye is at 
rest, the second focal point, F.^, must coincide with the intersec- 
tion of the retina and the optic axis. The first focal point, f i, 
is the only one of the cardinal points which lies outside the 

eye. It will be noticed that 
the distances between the 
principal points, Fi and P^) 
and between the nodal 
points, and N.^, are veiy 
small. 

The Eeduced Eye.— In 

order to abbreviate calcula- 
tions, Listing proposed a 
simplified optical arrange- 
ment which should be equi- 
valent (to a first approxima- 
tion) to the schematic eye 
figured above. The principal 
foci, Fi and F^ (lower dia- 
gram, Fig. 79)) were to have 
the same positions as in the 

Fic. 79.-SGhematic Eye and Schematic eye, but refrac- 

“ Reduced" Eye. ^0 OCCUr only at 

a single curved surface, 
which we may term the 7'educcd cornea. ^ In this case theie 
would be only one principal point, coinciding with the inter- 
section of the refracting surface by the optic axis. This pom 
was taken half-way between the two principal points ot tne 
schematic eye. The distance of the first and second principal 
foci from the reduced cornea would therefore be -1- IS'OS mm. 
and - 20-90 ram, respectively. The ratio of the focal dis- 
tances of a refracting surface is equal to n, the refi-active index 
of the refracting medium ; thus the refractive index of le 

reduced eye must be equal to ^ 332 - Let r be the 

radius of curvature of the refracting surface. Then the 
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reciprocal of the first focal distance is equal to Hence, 

•332 ^ I _ ^ ^ 

r 15-68 ’ ■'* ^ ~ 5 '20 mm. 

There is only one nodal'pcmFlor a sintde refrartimr 
and this lies at the centre of curvature of the siirfacef’ Heiire’ 

=' reSrd ccrlrr' °Tr ' nnn. behind 

il rt, tl, ^ e’^actly in position 

IV tl, the mean position of the nodal points in the schematic e^ 

which Iies^ 7-14 mm, behind the true cornea, andTerete 
7 14 I 9 o - 5 21 mm. behind the reduced cornea, 
ponders has proposed a less accurate, but more useful 

‘is mnf a'nd f ‘'’'= distances as’ 

of ” Lt ^ ”1™' ‘■“P'=«''’s'y. which give a refractive index 

of Hthat of water), and for the reduced cornea a racli r^f 
ciitvatme of 5 mm. Calculations relative to the size of retinal 
Seed ^ye! ™ ’“"P'id'd by the use of Donders’s 

Problem.— In an eye otherwise normal, the distance from 
he posterior surface of the crystalline lens is n n^bnaer 
than usual Where will be &^i,unctum remolwn (most' Snt 
point which can be seen clearly) 

If V and U are the distances of image and object measured 
distance" if - 

vitreous humouTweta-e ““ 


I 

T' 


retina ’’m'a'dis,'*''’ f“"'‘ P''"’'^‘P=‘‘ foUs on the 

ehna, p a distance equal to 20-71 mm. behind the second 

ipiKipal point. In the present case the retina is 22-71 mm 
behind the second principal points. Therefore v - - -->-71 
Hn-ther, F = _ 15-50, and = 1-336. Then- 

J '336 _ _i_ _ 

22-71 u 


-_L 

iS’S' 


U - 158 mm. in front of the first principal point 
156 inni. (nccLily^ in front of the corneE. 
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Using Donders’s reduced eye, and the formula for refraction 
at a spherical surface (p. 60), we have 

.1 I I ,• 

_ Ji = - — t = 165 mm. 

22 « 15 

Of course this problem is a very exlreme one, since it seldom 
occurs th^ the punefum i-cmotum is as near to the eye as 
160 mm.^In ordinary cases, the solution, using Uondeiss 
reduced eye, approximates more closely to the true solution. 

Proulkm. — T he punciuui rcnioluiu of a jjarticular eye is at a 
distance of i metre from the anterior surface of the coinea. 
How much longer is the eye than the normal eye ? 

£3^ _ I _ _ i __ . 

V 100175 iS'So ’ 

V = - 2ro3 mm. 

The normal distance from second principal ]roint to retina is 
equal to the second focal distance of the normal eye, i.l\ to 
- 2071 mm. 

.'.Excess in length of eye in question above normal eye 
= 2 1 '03 -20'7[ = '32 mm. 

Pkodlem. — I n the last problem, if an object 10 mm. in height 
is placed at the punctuni rcmoluin^ what will be the height of 
the retinal image ? 

Using the formula for magnification given on p. I44) 
have — 

L = = 15-5 

10 F, - u ]5'5 - 1000’ 

i = - 10 X = -o'l57mm. 

985 

The negative sign denotes that the image is inverted. 

Let us now solve this problem, using Donders’s reduced eye. 
Since object and image subtend equal angles at the single nodal 
point, which is 5 mm. behind the reduced cornea, and there- 
fore 30 - 5 == IS mm. from the normal retina, or iS'S^ fi'o™ 
the retina in question. As this is only an approximate ca.1- 
culation, we may take distance from nodal point to retina in 
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the eye in question as 15 mm. Similarly, we may take distance 
of object from nodal point as 1000 mm. 

Then, disregarding- signs, we have— 


_L — 

IS “ 7^ ’ ••• i -o-is rnm. 


Questions on Chapter YII 

1. Define (I) the principal points, (2) the principal foci of a lens, 
bhow also that if/3,/2, are the principal focal lengths of a convex lens 
while zq, zzg, are the distances, measured from the principal points’ 

of an object and its image, then — z= i. (pi. 1804.) 

2. What do you understand by the nodal and focal points of a 
system of coaxial lenses ? Show how, if the positions of these points 
are known, the image of any point on the axis, formed by refraction 
through the system, may be found, and prove that every lens has two 
nodal points. (H., I. and II., 1898.) 

3 - Prove that if an object be at such a distance from a thick convex 
lens that it forms an image of equal size at the other side, the distance 
from object to image, minus the distance between the two principal 
point.s (or optical centres) is equal to four times the focal length. 
(Lond. B.Sc. Hons. 1898.) ^ 

4. Give a careful drawing, as nearly as you can to .scale, of the passage 
0 thepencils of raj^s from an arrow-head, through a .sphere of glass 
whose refracting index is 1-5 and radius i inch. The distance of the 
airow from the centre of the sphere is 3 inche.s. (Lond. Inter.’ Sci 
lions. 1895). 

5. Obtain the relation between conjugate foci when a narrow pencil 
o light is directly refracted at a spherical surface. Prove that a lens 
foimed of a sphere of glass of index fx and radius a acts like a thin 

conveiging lens of focal length - situated at the centre of 

the sphere. (Lond. B.Sc. Pass, 1898.) 

6 . Two thin coaxial lenses are placed at a distance d apart. Calcu- 
late the single equivalent lens. Is there any point on the axis of the 
pair such that if the distances of the object and image are measured 
from this pomt the simple formula for the conjugate foci of a single lens 
may be applied ? If .so, determine its position. (H., I., igor.) 

7. Iwo similar plano-convex lenses are placed with their plane faces 
together and then drawn apart to a short distance. Show that wlieii 







separated the combination has a greater focal length than when they 
are in contact. Show also that, when separated, the positions of the 
principal foci are nearer to the respective cui'ved surArces than when llie 
lenses were in contact. (Lond. B..Sc. Hons. 1898.) 

8. If I’l and P.2 he the respective powers of two thin lenses placed 
coaxially at a distance d apart, show that the resultant power of the 
comldnation is given by the formula — 

Ti + - TiParf. 

Show also that if the power of a lens or lens combination, capable of 
giving a real image, be P units in metric measure, and if such a lens 
is so placed with respect to an object as to give an accurate image 
on a screen i metre distant from the principal plane of the lens, the 
magnification of the image will be numerically equal to P — i. (Lond. 
B. Sc. Lions. 1899.) 

9. Describe the structure of the human eye so far as is necessary for 
its study in geometrical optics ; and state the uses of its various parts. 
If, in a normal eye, the di.stance of the second nodal point (second 
optical centre) from the retina is 15 mm., what will be the area 
covered on the retina by the image of a circular disc 30 cm. in 
diameter, the centre of which is 2 metres distant from the eye, in the 
direct axis of vision, and whose plane is at right angles to this axis? 
(Lond. B. Sc. Pas.s. 1898.) 

10. Two lenses, of focal lengths 71 and fn, are placed on a common 
axis at a distance d apart. Find the focal length of the combination, 
and the positions of the principal points. Show that, for a single thin 
lens to lie equivalent (in the .sense defined on p. 74) to the above 
combination, it must po.s.sess a focal length equal to that of the com- 
bination, and must be placed in the fir.st principal plane of the 
combination. 

11. A glass hemisphere of radius r, and refractive index is treated 
as a lens, rays passing through it being limited to those nearly coin- 
ciding with the axi.s. Show that one principal point coincides with the 
intersection of the convex surface with the axis, while the other prin- 
cipal point is within the lens, at a distance rj^ from the plane surface. 
Prove also that the focal length of the lens is equal to r/(i - /r). 

Practical 

I. Determine the po.sition of the two principal points (or optical 
centres) in the given compound lens. (Lond. B.Sc. Hons. 1898.) 


CHAPTER VI 1 1 


the eye 


Considered m its general aspect, the eye consists of a 
nearly spherical chamber, provided with a circular window on 
Its anterior side. Light from external objects enters the eye 
by this_ window, and real images of these objects are formed on 
the inside of the posterior surfRce of this chamber. 

General Structure.— The external coating of the eye S 
(Fig. 8o), is termed the Sclerotic. It consists of dense fibrous 
tissue, which is nearly opaque 
over the posterior five-sixths of 
the spherical surface of the eye. 

In front of the eye the sclerotic 
merges into a transparent me- 
niscus, C, termed the Cornea. 

The curvature of the cornea is 
greater than that of the general 
body of the eye. 

Immediately within the scler- 
otic is a coating of tissue, Ch, 
liberally supplied with black pigment cells on its internal sur 
face ; this coating is termed the Choroid. Close to where the 
sclerotic merges into the cornea, the choroid merges’ into ^ 
cejntractile diaphragm, I, with a circular orifice near its centre, 
This diaphragm, termed the Iris, is generally coloured ; the 
central orifice is termed the Pupil. 

^mediately behind the Iris is a transparent, lens-shaped 
body, termed the Crystalline lens. It is connected with the 
walls of the eye by means of an annulus of non-contractile 
tissue, b.L., termed the Suspensory Ligament. Thus the eye 



Fig. 8o. — The Eye. 
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is divided, by the crystalline lens and suspensory ligament, into 
two chambers. The anterior chamber, between the cornea and 
lens, is filled Avith a watery liquid, containing- a little common 
salt in solution. Thls_ is termed the Aqueous Humour. The 
posterior chamber is filled Avith a transparent gelatinous medium, 
Avhich shoAvs signs of cellular structure Avhen treated by appro- 
priate reagents. This is termed the Vitreous Humour. The 
straight line OX, Avhich may be drawn through the centres of 
the cornea and crystalline lens, is termed the Optic Axis of 
the eye. 

The interior surface of the eye is coated with a nearly trans- 
parent membrane, liberally supplied with nerve-fibres and blood- 
vessels. This membrane, tei'med the Eetina, is the part of the 
eye which is sensitive to light. It ends anteriorly in a ragged 
circular edge, at about the position Avhere the suspensory liga- 
ment originates. 

General Functions. — The cornea, aqueous humour, crys- 
talline lens, and vitreous humour constitute an optical system, 
of Avhich the function is to form real images of external objects 
on the retina. Since the images are real, and no intermediate 
image is formed, they must be inverted (p. 72). The iris 
acts as an adjustable stop, to regulate the amount of light 
entering the eye. The retina, under the action of light, in some 
unknoAvn manner generates neiwous stimuli, Avhich travel to the 
brain by Avay of the optic nerve, 0 (Fig. 80 j, and so produce 
that form of consciousness which Ave term sight. The function 
of the pigmentary layer of the choroid is probably merely to 
absorb the superfluous light, Avhich avouIcI otherwise produce a 
general illumination of the interior of the eye. Similarly, the 
insides of telescope tubes and photographic cameras are coated 
Avith dull black paint. 

We must noAv examine the more important elements of the 
eye in greater detail. 

The Cornea in the living eye is transparent and apparently 
homogeneous. When treated by suitable reagents, hoAvever, 
it shoAvs traces of cellular structure. 

It has been found that the external surface of the cornea does 
not form part of a spherical surface. Helmholtz considered 
that it formed part of an ellipsoid of revolution, but Sulzer has 
shoAAm that its shape is moi'e coniplicated, and does not agree 
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with any simple surface. It is more flattened above than below, 
and more flattened on the nasal than on the temporal side. 
When we speak, therefore, of the corneal radius of curvature, 
we mean the radius of curvature of the s-mall cap surrounding 
the point in which the anterior surface of the cornea is cut by 
the optic axis of the eye. 

The curvature of the cornea has been investigated by the 
aid of an instrument termed the Ophthalmometer. This 
instrument was invented by Helmholtz, but has been greatly 
improved by succeeding investigators. 

The Ophthalmometer.— The optical methods of measuring 
the radius of curvature of a convex reflecting surface, which 
have been described in Chapter V., are not readily applicable 
to corneal measurements, owing to the smallness of the radius 
of curvature to be determined. Helmholtz determined the 
radius of curvature of the cornea, in terms of the magnification 
produced by reflection of an object of known size in its anterior 
surface. 


Expt. 34. — Hold a lighted candle in front, and a little to one side, 
of a person’s eye, and observe the erect, diminished image of the flame, 
produced by reflection at the cornea (Fig. 81). 

With close attention two other images, which are 
less distinct, can also be seen ; these are formed by 
reflection at the two surfaces of the crystalline lens. 

Let 0 be the linear dimension of an object placed 
on the optic axis at a distance u from a reflecting 
surface ; a.nd let i be the linear dimension of the 
image produced by reflection at that surface. Then, 
if / is the focal length of the reflector, we have (p. 38), giving due 
regard to the signs of the various quantities — 

m = . 

0 u -f 

In the case of the cornea, /is negative and equal to , where R is 

2 

the numerical value of the radius of curvature of the surface. 



Fig. 81. — Reflected 
Images in the Eye. 
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Further, if t(. is large in comparison with R, we may wTite— 

0 2.tl 

1 “ iT' 

Since H is positive, the image is erect ; and since ti is greater than 
R, the image is diminished. 

Hence, if we can determine the value of the ratio o/i, and if 
the distance u of the object from the cornea is known, R can be 
calculated immediately. 

The readiest method of measuring the size of a small image 
is to view it through an optical arrangement which converts it 
into a double image. This principle was well known prior to 
Helmholtz, and had been used to measure the diameters of 
planets. When an image, repre- 
sented by the central continuous 
circle in P'ig. 82, is viewed through 
an optical arrangement which pro- 
duces two images, represented by 
the broken line circles, it is obvious 
that if the edges of these latter 
circles touch each other, as in the 
figure, then the diameter of the cen- 
tral circle is equal to the distance between the centres of the two 
bioken line circles. Hence, if we determine the distance be- 
tween the two images of a luminous point, this wall be equal 
to the distance between the centres of the two circular images, 
and the size of the original iniag'e becomes known. 

The optical arrangement of Javal and Schidtz’s ophthalmometer is 
shown diagrammatically in Fig. 83. This differs only in details from 
the original arrangement invented by Helmholtz. 

The virtual image formed by reflection at the cornea will lie slightly 
behind the latter. A lens, A, is placed so that the image I is at its 
principal focus. The light from I, after falling on A, is rendered 
parallel, and then traverses a Wollaston’s prism (Chapter XVIII), P. 
By this means the parallel pencil is split up into two parallel pencils, 
equally inclined to the axis. These two pencils fall on a second 
lens, B, and are focussed at D and E, points in the principal focal 
plane of B. The lens C is placed so that the real images, D and E, 
are iji its principal focal plane. Thus the rays from P and E are 



Fig. Ss. — D ouble Image. 
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rendered parallel after traversing C, and the images D and E can be 
viewed by an eye placed close to the right of C. 



Fig. 83 . — Ophthalmometer. 


The object from which the image I is formed, by reflection in the 
cornea, consists of two white plates called mires, which are supported 
at Ml and Mg, two points equidistant from the axis, by a curved bar, 
represented by a line in the figure. 

If the object viewed were a circular disc in a vertical plane, a dia* 
meter of the disc being coincident with the line joining Mj and Mg, 
then, on viewing the image of this formed by reflection at the cornea, 
through the optical arrangement described above, we should see two 
circular images ; and if we could vary the size of the disc, w'e could 
arrange that the images should touch along a horizontal diameter, as in 
Fig. 84- 

In the ophthalmometer as actually constructed, if we represent the 
mires, and Mg, by small arrows pointing outwards, we should see 
two images, Mj' and Mj", of M], 
and two images. Mg' and Mg", of 
Mg. By moving the mires closer 
together or farther apart, we can 
make the corresponding extremities 
of Mg' and M/ just touch each 
other. The position of the mires 
on the supporting bars can then be 
observed. 

The supporting bar can be cali- 
brated' by observing the positions of the mires when the images are 
.adjusted as described above, the cornea being in turn replaced by 
various convex spherical surfaces of known curvatures. 

The supporting bar carrying the mires, together with the optical 

M 2 
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arrangements, including the Wolliuslon’s prism, can be rotated about 
lire axis of the in.strumcnt, so that the curvature of the cornea in 
different planes can be determined. If the mires are adju.sted in the 
horizontal position of the supporting bar, we determine the radius of 
curvature of the cornea, in the horizontal plane. On rotating the 
supporting bar, etc. , into a vertical plane, the images of the mires will 
overlap or separate from each other, if the curvature of the cornea is 
different in different planes. 

By the aid of his ophthalmometer, Helmholtz found that, in 
the neighbourhood of the optic axis of the eye, the radius of curva- 
ture of the external surface of the cornea is usually equal to 
7 '829 mm. 

The Crystalline Lens is situated with its anterior surface 
3'6 mm. behind the anterior surface of the cornea. Of its two 
surfaces, the posterior one has the greater curvature. The lens 
itself is not homogeneous, but consists of numerous concentric 
layers, increasing in density from 
the outer to the central portion, the 
whole being enclosed in a trans- 
parent capsule. For purposes of 
calculation, Helmholtz divided the 
crystalline lens into three portipns : 
an outer or cortical layer ; an in- 
termediate layer ; and a double 
convex nucleus. From measure- 
ments of the refractive indices of 
these portions, he calculated the 
refractive index of a homogeneous 
lens, of the actual dimensions and 
focal length of the crystalline lens. He found the refractive 
index of this equivalent kfis to be equal to i’437i. 

Reference to Fig. 8$ will show that the refractive index of this 
equivalent lens is not equal to the arithmetical mean of the refractive 
indices of the various portions of the actual lens. For, if we divide the 
lens into a nucleus and two menisci, the two surfaces of each meniscus 
being concentric, then it is clear that the power of the nucleus 
would be greater than that of the whole lens, even if the latter were 
homogeneous, for the radii of curvature of the nucleus are smaller 
than those of the lens, and the focal length of the nucleus is smaller 
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in the same proportion. The two convexo-concave menisci will act as 
divergent lenses, since the bounding surfaces of each, being concentric, 
must be unequally curved ; the addition of these to the nucleus will 
form a combination with greater focal length, and smaller power, than 
the nucleus ; and thus the smaller the refractive indices of the menisci, 
the greater will be the power of the combination. Thus, the actual 
crystalline lens will possess a greater power, and a shorter focus, than 
if the whole lens were homogeneous, and of the same refractive index 
as the nucleus. In other words, the refractive index of the equivalent 
lens is greater than that of the nucleus. 

The arrangement of the crystalline lens in concentric layers, 
increasing in refractive index as the "centre of the lens is 
approached, will tend to diminish its spherical aberration. For, 
in a homogeneous lens, the peripheral portion acts as if it 
possessed a shorter focus than the portion near the axis. A 
glance at Fig. 85 will show that the refractive index of 
peripheral portions of the crystalline lens will be less than that 
of the portion near the axis ; and this will tend to increase the 
focal length of the peripheral portions, and thus to neutralise 
the effect of spherical aberration. 

The following experiment ^ proves that, when accommodated 
for near vision, the eye is over-corrected for spherical aberration. 

Expt. 35. — Look, with one eye, at the upper edge of Fig. 85, 
placed just beyond the shortest distance of distinct vision. Now cover 
the pupil progressively from below, by means of a card ; just before the 
edge of the figure vanishes, it will be seen to sink. The upper edge of 
the figure lies on the optic axis of the eye ; the rays from it, which 
traverse the middle of the pupil, form an image where the retina is cut 
by the optic axis. Those traversing the upper edge of the ijupil are 
insufficiently deviated, and thus form an image above the true one ; the 
mental inversion of ocular images (p. 167), causes the image to appear 
to sink. Looking at a distant object, and proceeding as before, the 
image is seen to rise, showing that, when accommodated for distant 
vision, the eye is under-corrected for spherical aberration. 

The eye is also affected by chi'omatic aberration. 

Expt. 36. — Look through a pin-hole at the line of separation of a 
roof against a bright sky. Raise the pin-hole, so that the light enters 
the eye near the periphery of the pupil. The sky just above the roof 
appears of a reddish colour. If you look at a small flame in the same 

1 “Spherical Aberration of the Eye.” By Edwin Edser. Nature, April i6, 1903. 
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rendered parallel after traversing C, and the images D and E can be 
viewed by an eye placed close to the right of C. 



The object from which the image I is formed, by reflection in the 
cornea, consists of two white plates called 7 nires, which are supported 
at Ml and Mg, two points equidistant from the axis, by a curved bar, 
represented by a line in the figure. 

If the object viewed were a circular disc in a vertical plane, a dia* 
meter of the disc being coincident with the line joining and Mj, 
then, on viewing the image of this formed by reflection at the cornea, 
through the optical arrangement described above, we should see two 
circular images j and if we could vary the size of the disc, we could 
arrange that the images should touch along a horizontal diameter, as in 
Fig. 84. 

In the ophthalmometer as actually constructed, if we represent the 
mires, and M2, by small arrows pointing outwards, we should see 
two images, M^' and Mj", of Mj, 
and two images, M2' and M2", of 
M2. By moving the mires closer 
together or farther apart, we can 
make the corresponding extremities 
of Mg' and Mj" just touch each 
other. The position of the mires 
on the supporting bars can then be 
observed. 

The supporting bar can be cali- 
brated' by observing the positions of the mires when the images are 
adjusted as described above, the cornea being in tium replaced by 
various convex spherical surfaces of known curvatures. 

The supporting bar carrying the mires, together with the optical 

M 2 



Fig. 84. — Double Images in Ophthal- 
mometer. 
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further, if u is large in comparison with R, m'c may write-™ 

0 _ 2 « 
i “ F' 

Since ^ is positive, the image is erect ; and since u is greater than 
R, the image is diminished. 

Hence, if we can determine the value of the ratio o/i, and if 
the distance of the object from the cornea is known, R can be 
calculated immediately. 

The readiest method of measuring the size of a small image 
is to view it through an optical arrangement which converts it 
into a double image. This principle was well known prior to 
Helmholtz, and had been used, to measure the diameters of 
planets. When an image, repre- 
sented by the central continuous 
circle in Fig. 82, is viewed through 
an optical arrangement which pro- 
duces two images, represented by 
the broken line circles, it is obvious 
that if the edges of these latter 
circles touch each other, as in the 
figure, then the diameter of the cen- 
tral circle is equal to the distance between the centres of the two 
broken line circles. Hence, if we determine the distance be- 
tween the two images of a luminous point, this will be equal 
to the distance between the centres of the two circular images, 
and the size of the original image becomes known. 

The optical arrangement of Javal and Schibtz’s ophthalmometer is 
shown diagrammatically in Fig. 83. This differs only in details from 
the original arrangement invented by Helmholtz. 

The virtual image formed by reflection at the cornea will lie slightly 
behind the latter. A lens, A, is placed so that the image I is at its 
principal focus. The light from I, after falling on A, is rendered 
parallel, and then traverses a Wollaston’s prism (Chapter XVIII), P. 
By this means the parallel pencil is split up into two parallel pencils, 
equally inclined to the axis. These two pencils fall on a second 
lens, B, and are focussed at D and E, points in the principal focal 
plane of B. The lens C is placed so that the real images, D and E, 
are in its principal focal plane. Thus the rays from t> and E are 



Fig, 82.— Double Image. 



164 


LIGHT FOR STUDENTS 


CHAP. 


arrangements, including the Wollaston’s prism, can be rotated aliout 
the axis of the instrument, so that the curvature of the cornea in 
different planes can be determined. If the mires are adjusted in the 
horizontal position of the supporting bar, we determine the radius of 
curvature of the cornea, in the horizontal plane. On rotating the 
supporting bar, etc., into a vertical plane, the images of the mires will 
overlap or separate from each other, if the curvature of the cornea is 
different in different planes. 

By the aid of his ophthalmometer, Helmholtz found that, in 
the neighbourhood of the optic axis of the eye, the radius of curva- 
ture of the external surface of the cornea is usually equal to 
7 '829 mm. 

The Crystalline Lens is situated with its anterior surface 
3‘6 mm. Irehind the anterior surface of the cornea. Of its two 
surfaces, the posterior one has the greater curvature. The lens 
itself is not homogeneous, but consists of numerous concentric 
layers, increasing in density from 
the outer to the central portion, the 
whole being enclosed in a trans- 
parent capsule. For purposes of 
calculation, Helmholtz divided the 
crystalline lens into three portions : 
an outer or cortical layer j an in- 
termediate layer ; and a double 
convex nucleus. From measure- 
ments of the refractive indices of 
these portions, he calculated the 
refractive index of a homogeneous 
lens, of the actual dimensions and 
focal length of the crystalline lens. He found the refractive 
index of this equivalent le 7 is to be equal to i’437i. 

Reference to Fig. 85 will show that the refractive index of this 
equivalent lens is not equal to the arithmetical mean of the refractive 
indices of the various portions of the actual lens. For, if we divide the 
lens into a nucleus and two menisci, the two surfaces of each meniscus 
being concentric, then it is clear that the power of the nucleus 
would be greater than that of the whole lens, even if the latter were 
homogeneous, for the radii of curvature of the nucleus are smaller 
than those of the lens, and the focal length of the nucleus is smaller 
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in the same proportion. The two convexo-concave menisci will act as 
divergent lenses, since the bounding surfaces of each, being concentric, 
must be unequally curved ; the addition of these to the nucleus will 
form a combination with greater focal length, and smaller power, than 
the nucleus ; and thus the smaller the refractive indices of the menisci, 
the greater will be the power of the combination. Thus, the actual 
crystalline lens will possess a greater power, and a shorter focus, than 
if the whole lens were homogeneous, and of the same refractive index 
as the nucleus. In other words, the refractive index of the equivalent 
lens is greater than that of the nucleus. 

The arrangement of the crystalline lens in concentric layers, 
increasing in refractive index as the "centre of the lens is 
approached, will tend to diminish its spherical aberration. For, 
in a homogeneous lens, the peripheral portion acts as if it 
possessed a shorter focus than the portion near the axis. A 
glance at Fig. 85 will show that the refractive index of 
peripheral portions of the crystalline lens will be less than that 
of the portion near the axis ; and this will tend to increase the 
focal length of the peripheral portions, and thus to neutralise 
the effect of spherical aberration. 

The following experiment^ proves that, when accommodated 
for near vision, the eye is over-corrected for spherical aberration. 

Expt, 35. — Look, with one eye, at the upper edge of Fig. 85, 
placed jtcst beyond the shortest distance of distinct vision. Now cover 
the pupil progressively from below, by means of a card ; just before the 
edge of the figure vanishes, it will be seen to sink. The upper edge of 
the figure lies on the optic axis of the eye ; the rays from it, which 
traverse the middle of the pupil, form an image where the retina is cut 
by the o^Dtic axis. Those traversing the upper edge of the pupil are 
insufficiently deviated, and thus form an image above the true one ; the 
mental inversion of ocular images (p. 167), causes the image to appear 
to sink. Looking at a distant object, and proceeding as before, the 
image is seen to rise, showing that, when accommodated for distant 
vision, the eye is under-corrected for spherical aberration. 

The eye is also affected by chromatic aberration. 

Expt. 36. — Look through a pin-hole at the line of separation of a 
roof against a bright sky. Raise the pin-hole, so that the light enters 
the eye near the periphery of the pupil. The sky just above the roof 
appears of a reddish colour. If you look at a small flame in the same 

I “Spherical Aberration of the Eye.” By Edwin Edser. Nature, April i6, 1903. 
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manner, the upper portion of the flume will appear bine, and the lower 
portion red. 

Remembering that the image formed on the retina is inverted, 
and that, when incident near the upper edge of the lens, blue 
light will be bent down to a greater extent than red light, the 
result of the above experiment is easily explained. 

Expt. 37. — Look at a distant flame through a piece of gla.ss coloured 
blue by cobalt oxide. This glass transmits blue, and a certain propor- 
tion of red, light. A red image of the flame will be seen, surrounded by 
a bluish halo. 

If a printed page is coloured in alternate vertical stripes of 
vermilion red and indigo or cobalt blue, it will be found difficult 
to read the printing", owing to the fact that the focus of the eye 
must be continually altered in jsassing from red to blue, and 
from blue to red. 


Formation of Images. — Light entering the eye is first re- 
fracted at the cornea, of which the refractive index is ap- 
proximately equal to that of the aqueous humour, i.e. to i’336. 



I’jG. 86. — Formation of Retinal Image. 


It is then refracted at the anterior surface of the crystalline lens, 
of which’ the ecpiivalent refractive index is equal to r437. A 
third refraction- occurs at the posterior surface of the lens, 
which is in contact with the vitreous humour, of which the 
refractive index is- ecptal to that of the ac|ueous humour. For 
vision to be distinct, the image of an external object, produced 
by these refractions, must be formed upon the retina. The 
formation of a retinal image will be understood by reference to 
Fig. 86. It will be noticed that the curvature of the image, 
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which is produced partly by obliquity of the extreme rays, and 
partly by spherical aberration (pp. 129 and 13 1), is corrected for, 
to a greater or less extent, by the spherical shape of the eye. 

A detailed investigation of the refraction of the normal eye 
when at rest has already been given (pp. 149 to 155). It has 
been proved that the anterior or first focal point of the eye lies 
at a distance of 1375 mm. in front of the anterior surface of the 
cornea. Light radiating from this point will be rendered 
parallel after traversing the cornea, aqueous humour, and 
crystalline lens. The posterior or second focal point of the eye 
lies at a distance of 22’83 nil'll- behind the anterior surface of 
the cornea. An axial pencil of rays, parallel before incidence 
on the eye, will be brought to a focus at the second focal point. 
Consequently, the image of a distant object will be formed in 
the second or posterior focal plane of the eye. For a distant 
object to be clearly seen, it is therefore necessary that the 
posterior focus of the eye should fall on the retina. An eye 
which, when at rest, can distinctly see any very distant object, 
is said to be emmetropic ; eyes which, when at rest, cannot see 
a distant object distinctly are said to be ametropic. 

Since it is necessary, for distinct vision, that a real image 
should be formed on the retina, it follows that retinal images 
are inverted. That we see objects erect, is due to the mental 
interpretation of the retinal images. It is possible to form an 
erect shadow on the retina, and when this is done, we apparently 
see an inverted image. 

ExrT. 38. — Place a pin-hole at the anterior focus of one of your 
eyes, and look through this at a bright surface, such as the sky. Hold 
a pin, head upwards, close to the eye, and an in- 
verted shadow of the pin-head will be seen in the 
pin-hole. Repeat this experiment, using three pin- 
holes punctured at the corners of a small equilateral 
triangle, of about 2 mm. side. An inverted shadow 
of the pin-head will be seen in each of the pin-holes 

(Fig. 87). 

Fig. 87. — Inverted 

Since the pin-hole is' placed at the anterior images of a Pm. 
focus of the eye, light emerging from it' will be 
rendered parallel on entering the eye. Thus, the rays do not 
cross, as in F’ig. 86. As a consequence, an erect shadow of 
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the pin is thrown on the retina, and this erect image is mentallv 
interpreted as inverted. ^ 

When three pin-holes are used, there will be three pencils 
ot Ijrht, and each will produce an erect shadow on the retina. 
/^Accommodation.— -Since the optical system of the eye, when 
at rest, forms images of distant objects on the retina it is 
clear that, unless some change can be effected, near objects will 
oe focussed behind the retina, so that no clear vision of near 
o ejects would be possible. Similarly, if a photographic camera 
IS adjusted so that distant objects are sharply focussed on 
the ground-glass swing-back, near objects will produce blurred 
images on the ground-glass. In the camera, we must move 
the swing-back further away from the lens in order to get a 
s ai^p image of neai objects. In the eye, a change is produced 
in the optical system by which the image is produced. This 
change is termed accommodation. 

Expt. 39.— -In a dark room, hold a candle so that it is in front and 
toward one side of a person’s eye, and look at the images formed by 
reflection in that eye, from the side opposite to that on which the candle 
IS held. An erect image of the candle is produced by reflection in the 
cornea. This is very bright, and can be caused to overlap the iris (Fig. 

I, p. 1 i). On the side of this image nearer to the observer will be seen 
two other images, formed by reflection at the anterior and posterior 
surfaces of the crystalline lens. The image nearer to the corneal image 
IS erect, and is iiroduced by reflection at the anterior convex surface of 
the crystalline lens. The remaining image, which is generally very 
faint, IS inverted, and is produced by reflection at the posterior surface 
ot the crystalline lens. 

1. the appearance presented, when the candle is 

eld on the same side of the observed eye as the observer’s left 
hand. 

_ If the person ivhose eye is observed alternately directs his 
sight to a distant object, and to an object (such as the finger) 
eld at a distance of about 10 inches from his eye, it will be 
seen that the act of accommodation produces no appreciable 
change m the corneal erect image, or the inverted image from 
the posterior surface of the lens. The image produced by 
reflection at the anterior surface of the lens is, however, 
diminished during accommodation for near vision. T/ns proves 
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that accommodation is effected by an increase in the curvature 
of the a 7 iterior sicrface of the crystalline lens. 

It will also be noticed that this change is accompanied by a 
contraction of the pupil, so as to limit the light entering the eye 
to the more highly refracting portion of the crystalline lens. 

We have seen (p. 161) that the magnification, m, produced by reflec- 
tion at a convex reflecting surface, is given by 
_ i _ R 
0 2u' 

where R is the numerical value of the radius of curvature of the surface, 
and u is the distance of the object. If u remains constant, and m 
diminishes, R must decrease in magnitude. 

The Phakoscope. — This instrument, invented by Helmholtz, is de- 
signed to measure the alteration in the curvature of the anterior surface 
of the crystalline lens, produced by ac- 
commodation for near vision. Two square 
illuminated discs, one above the other, are 
reflected in the observed eye, from a posi- 
tion similar to that described in Expt. 34. . 

The images formed by reflection are ob- 
served from the side opposite to that on 88.— Phakoscope Images, 

which the discs are placed. The person 

whose eye is observed alternately directs his vision on a remote object 
and on a needle placed about 10 inches from his eye. The changes in 
the reflected images are indicated in Fig. 88. The right-hand figure 
refers to the unaccommodated eye, while the left-hand figure refers to 
the accommodated eye. 

Mechanism of Accommodation. — The suspensory ligament, S.L. 
(Fig. 80), is attached to the anterior capsule layer of the lens. Closely 
connected with the suspensory ligament is a corrugated ring of involun- 
tary muscular tissue, C.M. (Fig. 80), termed the Ciliary Muscle. Helm- 
holtz considered that when the eye is at rest the suspensory ligament is 
in a state of tension, so that the anterior capsule layer is tightened and 
rendered flatter. He further considered that contraction of the ciliary 
muscle relaxes the tension of the suspensory ligament, so that the anterior 
surface of the lens can bulge out. Sulzer has, however, shown that the 
increase in curvature occurs chiefly in the part of the anterior surface of 
the lens which is nearest to the optic axis. He has produced a similar 
alteration of curvature, in a lens removed from an eye, by putting the 
suspensory ligament in a state of tension. According to Sulzer, a con- 
traction of the ciliary muscle puts the suspensory ligament in a state of 
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tension, and thus tightens the anterior capsule layer, which in its turn 
squeezes the softer cortical portion of the crystalline lens to one side, so 
that the anterior surface of lens becomes moulded on the harder and 
more curved nucleus. 

The power of accommodation varies iii different individuals, 
and in the same individual with progressive age. A child of 
two or three years of age can distinctly see an object placed 2 
or 3 inches from the cornea. Adults cannot, as a rule, 
clearly see an object nearer than 10 or 12 inches from 
the cornea. With increasing years a further diminution in 
accommodative power occurs. Aged persons often lose this 
power almost completely. This is due to a progressive hard- 
ening of the cortical layer of the crystalline lens. Loss of 
accommodative power is termed Presbyopia. It is sometimes, 
mistakenly, termed long-sightedness. A child with normal eyes 
can see distant objects just as clearly as a presbyopic person, 
although he can also accommodate his vision for near objects. 
On the other hand, along with increased hardness, the cortical 
layer of the lens acquires an increased I'efractive index, so that 
the power of the lens is diminished, or its focal length is 
increased (p. 164), with age. Thus a person who was incapable, 
in youth, of clearly seeing distant objects, owing to their 
images being focussed in front of the retina, will lose this 
defect more or less with advancing years. 

The nearest point to the eye at which a small object can be 
clearly seen is termed the near point, or punctum proximum, of 
the eye. The point for which the eye is focussed, when at rest, 
is termed the far point, or punctum remotum, of the eye. For 
normal, or emmetropic eyes, the far point is obviously at an 
infinite distance (p. 167). 

Expr. 40. Make two pin-holes about 2 mm. apart, in a sheet 
of paper. Place the.se immediately in front of the pupil, and through 
them view some small bright object (such as the head of a pin), as 
it is moved to various distances from the eye. When close to the 
eye, two blurred images of the pin’s head will be seen. As it is 
withdrawn, these two images become more distinct, and at the same 
time draw closer together, till at a certain point a single distinct 
image is formed. Removing the pin to a greater distance produces 
no further change. The nearest position to the eye at which a single 
distinct image of the pin- head can be seen is the near point of the eye. 
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The explanation of the above experiment can be made most 
obvious by performing another. 

Expt. 41. — By means of a lens, focus the image of a small flame on 
a white screen, and then cover the side of the lens turned toward the 
light with a sheet of paper, in which two adjacent holes have been cut. 
A single image of the flame will still be formed on the screen., Move 
the screen either toward, or away from, the lens ; two blurred spots of 
light will now be produced. 

The explanatipn of this experiment will be seen at a glance 
on referring to Fig. 89. All rays from O, a point on the axis, 



Fig. 89. — To illustrate Expt. 41. 


will be brought to a focus at P, another point on the axis. 
Hence, a bright object at O will produce an image on a screen 
placed at P. Covering the front of the lens with a piece of 
paper in which two holes have been cut will limit the light 
traversing the lens to two pencils, both of which, however, 
converge toward P. If the screen is moved to P^ or P2, these 
two pencils will cut it at points on opposite sides of the axis, and 
will produce two small, undefined bright spots. 

In Expt. 40, a single distinct image of the pin-head will 
be seen when its position is such that it is conjugate (p. 33) 
to a point on the retina, with respect to the accommodated 
optical system of the eye. When the pin is at a point so close 
to the eye that its image is formed behind the retina, the con- 
ditions are similar to those of Expt. 41, when the screen is at 
Pi (Fig. 89). 

Expt. 42.— Repeat Expt. 40, using three pin-holes arranged at the 
angles of an equilateral triangle with apex upwards. When the pin- 
head is closer to the eye than the near point, three blurred images 
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f the pin-head will be seen, arranged at the angles of an eciui- 
lateral triangle, with apex downwards. Repeat Expt. 41, using to 
over the lens, a sheet of paper with three holes arranged at the angles 

placed at 1 j (1 ig. 89), any point between I> and the lens, there will be 
_ ee undefined bright spots, arranged at the angles of an equilateral 
nangle with apex upwards. In reconciling these results with the eye 
remember the mental inversion of retinal images. ^ ^ 

Structure. -Several experimenters have 
de ectecl tmces of cellular structure in the cornea and vitreous 
umoui, when these have been examined microscopically after 
tieatment with suitable reagents. Mr. Shelford Bidwell con- 
si eis tiat the results of the following experiment may be 

. 43'~-Look at a brightly illuminated slit (or, better still the 

mcandescrn fluent of el«rfo slowla.,,), ihrUh I ,:L 

power that a properly focussed image is not 
obtained. A large number of blurred images, 
lying close and parallel to each other (Fig. 90), 
wi 1 be seen, and not a continuous blurred image, 
as might have been expected. 

V a lens, focus the 

g o an electric lamp filament on a screen. 

FiG.9o._Toillus. I nL^! S w 
trate E.\pt. 43. (Hp 1. face, and j^lace them near 

ens, and between it and the screen. The 

distinct. Now moveThTscLT? of diminished brightness, remains 
produced resembles thatee'^; 

des^dredtn ExprqVtifeTSy^^^ of flame, lens, and screen 

from the light with ’a shL of 

seen. ^ ® blurred spots of light will be 

the small apertures in the bundle of netting 
point, Mhen the screen and point are not conjugate. Hence, 
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under the same conditions, each point of the incandescent fila- 
ment produces a number of blurred points of light on the screen, 
and the whole filament produces a number of blurred and 
partially superimposed images. 

The lens used in Expt. 43 only serves the purpose of 
throwing the eye out of focus. According to Mr. Bidwell, 
the cellular structure of the eye produces an effect similar to 
that due to the bundle of netting in Expt. 44. 

The Retina is a transparent membrane, lining the posterior 
five-sixths of the interior surface of the eye. Its structure will 
be understood on reference to Fig. 91. 

The surface in contact with the vitreous 
humour (which we shall term the in- 
ternal surface) consists of a very thin 
layer of connective tissue, J ; this and 
a second (external) layer of connective 
tissue, E, are bound together by trans- 
verse bundles of connective tissue, C.T., 
the intermediate spaces being mostly 
occupied by nerve tissue. The optic 
nerve, 0 (Fig. 80), enters the eye on the 
nasal side of that point of the retina 
which is cut by the optic axis, and gives 
rise to nerve filaments, N (Fig. 91), most 
of which are destitute of the usual me- 
dullary sheath. These spread out through 
the layers immediately beneath the in-, 
ternal layer . of connective tissue, and 
end in ganglion cells, G, which "send processes into a finely 
reticulated layer, Q, of nerve tissue. Thence, filaments char- 
acterised by nucleated swellings penetrate the retina trans- 
versely, in the manner shown in Fig. 91, till, on reaching 
the external layer of connective tissue, E, they become con- 
tinuous with a number of small elongated bodies, R, R, and 
C, C, which are packed closely together, side by side, and 
form a layer termed the Bacillary Layer, or Jacob’s Membrane. 
The bodies R, R, are neaidy cylindrical, and their extremities 
are surrounded with pigment cells (not shown in Fig. 91) ; they 
are termed Rods, The bodies C, C, are shorter, and are shaped 
somewhat like flasks ; they are termed Cones. 
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Fig. ^i. — Transverse 
Section of Human 
Retina. 
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Purkinjs s FigfurBS. An Rrtery enters the eye a.long' the 
axis of the optic nerve, and ramifies in the internal layer of the 
letina, immediately beneath the layer of connective tissue, J 
(Fig. 91 ; see also Fig. 80). It is possible for the eye to see its 
own blood-vessels. The visualisation, by an eye, of its own 
blood-vessels gives rise to the phenomena termed Purkinje’s 
Figures. 

^ Expr. 46. By means of a lens of 4 or 5 inches focus, form an 
linage of a lamp or gas flame on the sclerotic close to its junction with 
the cornea, where it is thin and light can 23enetrate it. If the eye, 
illumined in this manner, is directed toward a dark surface, a black^ 
tree-like image, on a luminous, slightly rosy, background, will be seen. 
If the bright image on the sclerotic is moved, the tree-like image will 
also move. It is the shadow of the retinal blood-vessels, thrown on the 
sensitive layer of the retina. 

In^ Fig. 92, let an image of the flame be formed near the 
limiting edge of the sclerotic. Some light penetrates the 
sclerotic and illumines the neighbouring choroid, and light 
radiates from this point, and falls on the retina in the neigh- 
bourhood of D, Let C be the section of 
a retinal blood-vessel. Then the shadow 
of this will be cast on the sensitive layer 
of the retina at D. To the eye this 
shadow will appear as if it were the 
image of an external object, situated 
somewhere in the line DNF, which 
passes from D through the mean nodal 
point N. (For a more accurate construc- 
tion, see p. 147.) If the image of the flame 
on the sclerotic is moved away from the 
cornea, the shadow of C on the sensitive 
layer of the retina will move to E, and 
this will appear as the image of an ex- 
ternal object situated somewhere in the 
line ENG. Thus, as the image of the 
moves round the eye, the visually 
projected image of the blood-vessels will move in the same 
direction. 

This pioves that the sensitive layer of the retina is not iinnie- 
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diately beneath the blood-vessels. By careful observation of 
the angle FNG, corresponding to a displacement of the image 
of the flame through a measured distance on the sclerotic, 
the exact position of the sensitive layer of the retina can be 
localised. 

The angle FNG, together with the distance NE, which is known, 
determine the distance DE through which the shadow of the blood- 
vessel, C, actually travels. We can then easily calculate how far C must 
he in advance of the sensitive layer of the retina, in order that the motion 
of a luminous point through a measured distance should move the 
shadow of C from D to E. 

By this means it has been fotmd that the sensitive layer of the Retina 
is the Bacillary Layer., or Jacob's Membrane. 

Thus the rods and cones appear to be the ultimate organs ot 
sight. 

It may appear strange that we do not always see the shadows 
of the retinal blood-vessels when we gaze on a bright surface, 
such as a white cloud. It should be remembered, however, 
that in ordinary sight light converges to any particular point of 
the retina from all points of the pupil, and thus the shadow 
formed would be rendered indistinct. The following experi- 
ment will give a clue to the reason why no shadow at all is 
usually seen. 

Expt. 47. — Place a pin-hole at the anterior focus of the eye, and look 
through this at a luminous surface, such as a bright sky, or better, a 
uniform opal globe surrounding a gas flame. Move the pin-hole regu- 
larly up and down over the extent of the pupil, at the rate of about one 
complete to-and-fro motion per second. The horizontal branches of 
the retinal blood-vessels will be distinctly seen,, as black shadows on 
the luminous surface. On stopping the motion, the blood-vessels 
disappear. If the pin-hole is moved from side to side, the vertical 
branches of the blood-vessels become visible. If the pin-hole is moved, 
at the same rate as before, in a small circle, the blood-vessels become 
distinctly visible throughout the whole of their course. Notice that 
they extend from the outside toward the centre of the field of view, 
breaking up into smaller branches as the centre is approached, but 
leaving a small clear space surrounding the centre of the field. 

As the pin-hole is moved, the visual projection of the blood- 
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vessels will be, observed to move also. Hence wa see that the 
conditions under which the blood-vessels may be visualised 
are : — 

(1) The light must be rendered parallel (or nearly so) within 
the eye, so as to thi'ow sharp shadows. This condition is 
secured by placing the pin-hole at or near the anterior 
focus. 

(2) The shadow must be kept constantly moving from one 
part of the bacillary layer to another. This is secured by 
moving the pin-hole in a small circle. 

When the shadow of a blood-vessel falls on any part of the 
bacillary layer, it is at first distinctly seen ; but the rods and 
cones exposed to the full light become fatigued, or less 
sensitive to light, while those in the shadow suffer less in this 
respect. Thus, after a short time, the smaller amount of light in 
the shadow is compensated for by the greater sensitiveness of 
the rods and cones there, so that a mental impression of uniform 
illumination is produced. 

Retinal Fatigue. — The following experiment shows that, 
after any part of the bacillary layer of the retina has been 
exposed to light for some time, it becomes less sensitive to 
light. 

Expt. 48. — Gaze for a short time at a bright object, and then 
turn your eyes on to a uniform illuminated surface. The shape of 
the bright object will be seen, projected on to the surface, as a dark 
patch. 

This experiment succeeds best with adults or old people. In 
youth the bacillary layer recovers its normal state so quickly 
that it is difficult to detect a fatigue image, 
y Persistence of Impressions. — When the bacillary layer 
mts been excited, it does not cease to generate a sensation of 
light immediately on the removal of the stimulus. The time 
required for the sensation to subside is from an eighth of a 
second (with light of moderate intensity) to a tenth of a second 
(with bright light). Thus, if the glowing end of a stick is caused 
to rapidly revolve in a ciixle, a continuous bright circle will be 
seen. Rapid fluctuations of brilliancy occur in electric lamps 
worked by means of alternating currents, yet a stationary object 
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will appear to be uniformly illuminated. If, however, the object 
IS moved rapidly to and fro, a number of isolated images will 
be seen. 

Stroboscopic Observations.— 

Expt. 49. —Mount a small disc of white paper on one end of a 
straightened piece of watch or clock spring about 4 or 5 inches in 
length, and clamp the other end of the spring in a vice. Set the spring 
vibrating ; the moving paper disc will be seen as a white oblong, owing 
to the persistence of visual impressions. Now clamp another similar 
piece of spring in a vice, at a- distance of 10 or 12 inches from the 
Hrst one, and on its free end mount a larger disc of paper in which 
a vertical slot is cut, the plane of the paper being parallel to that 
in which the spring can vibrate. Set both springs vibrating. If the 
time of vibration is the same in both springs, the small disc on the first 
one will appear stationary when viewed through the slot in the disc 
mounted on the second. In this case the small disc can only be seen 
when the slot in the larger disc is in front of the pupil, and the time of 
vibration of both springs being equal, the small disc will always be in 
the same position when light from it reaches the eye. If, as generally 
happens, the times of vibration of the two springs are not quite equal, 
the small disc will be seen to move s/ow/y to and fro. In this case* 
each time the slot comes in front of the pupil, the small disc will occupy 
a position slightly behind, or in advance of, that in which it was last seen, 
according as the small disc moves to and fro in a greater or less time 
than the slotted disc. The time of vibration of either spring can be 
varied by loading its free end with shot or small pieces of lead, attached 
by means of a small quantity of soft wax. 

1 he Stroboscopic method of viewing a moving object is often 
employed in physical investigations, as it gives us the opportunity 
of studying in detail the nature of the motion. 

Irradiation.— The white square on a black ground,^ in 
F’g- 93) appears to be larger than the neighbouring black 
square on a white ground, although measurement will prove 
that both are exactly equal in dimensions. This phenomenon, 
termed irradiation, is probably due to the excitation of the rods 
and cones adjacent to, but not absolutely within, the geometrical 
rraage of a bright olrject, by means of light reflected from the 
tissue of the retina within the image. Irradiation is particularly 
noticeable when the moon, in her first quarter, is seen to consist 
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of a bright meniscus and a more dimly lighted portion (“ the old 
moon in the new moon’s arms”). The meniscus appears to 



Fig. 93. — Irradiation. 


belong to a circle of greater diameter that that of the more 
dimly lighted portion. 

The Yellow Spot and Fovea Centralis. — At a small dis- 
tance toward the temporal side of the point of the retina 
which is cut by the optic axis, there is a small pit in the retina, 
F (Fig. 80), called the Fovea Centralis. The immediately sur- 
rounding portion of the retina is of a yellowish colour, and is 
destitute of blood-vessels, except the finest capillaries. This 
portion of the retina is termed the Yellow Spot, or Macula Lutea. 
The yellow spot is more sensitive to light than the rest of 
the retina. When we look directly at a small object, it is 
focussed on the fovea. Hence, it is obvious that the visual 
line, FV (Fig. 80), is inclined to the optic axis of the eye. 
The visual line really consists of two straight lines, one from the 
fovea to the posterior or second nodal point, and another, 
parallel to the first, from the first or anterior nodal point to 
the object (p. 147). The two nodal points are, however, very 
close together, and their mean position coincides very closely 
with the intersection of the posterior surface of the crystalline 
lens by the optic axis (Fig. 79). 

Thus the central portion of the field of view is focussed on 
the yellow spot. The absence of blood-vessels from this region 
was noticed in connection with Expt. 47. 
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Expt. 50. —Obtain a glass cell with parallel plane glass sides, and 
fill this with a solution of chrome alum. Close your eyes for a few 
minutes, and then look through the cell at a white cloud. For a short 
time a rosy patch will be seen in the centre of the purple field of vision. 
This is the visual projection of the yellow spot. The rosy patch 
quickly disappeais, but can be again seen after closing your eyes for 
some time. 

The bichromate solution only allows bluish-green rays, with a certain 
proportion of red rays, to traverse it, the resulting light being of a purple 
colour. A portion of the transmitted bluish-green light is absorbed by the 
pigment in the yellow spot, so that the light falling on the bacillary layer 
of the latter will possess a ro.sy tinge in comparison with that traversing 
other portions of the retina, where no absorption takes place. The 
disappearance of the rosy patch is due to fatigue of the rods and cones, 
which will be greatest where the light is strongest, as explained in 
connection with Expt. 47. 

The bacillary layer of the Fovea Centralis is entirely com- 
posed of cones, which are longer, more slender, and more 
closely packed there than in other parts of the retina. (A 
foveal cone is about 0-002 mm. in diameter ; other retinal cones 
aie about 0006 mm. in diameter.) In order that two small 
neighbouring points of light should be distinguished from each 
other, each must fall on a separate cone. 

Assuming the foveal cones to be in contact, we can calculate the 
angle which a small object must subtend at the first nodal point of the 
eye, in order to be distinctly seen. For object and image respectively 
subtend equal angles at the first and second nodal points of the eye 
(p. 147). Also, the distance of the second nodal point from the 
retina of an emmetropic eye is equal to (22-83 “ -7 ’33) = I5'5 mm. 
(p. 153). Thus, the distance between the centres of two contiguous 
foveal cones will subtend, at the second nodal point, an angle of 
•002 

— = 0-00013 radians, or about 26" of arc. Hence, two small objects a 

centimetre apart could (theoretically) just be distinguished when placed 
at a distance of 77 metres from the eye. 

Distinctive Functions of Eods and Cones. — If a solid is 
heated to a sufficiently high temperature, it is well known that 
it emits white light. The incandescent filament of an elec- 
tric glow-lamp, or the crater of an arc-lamp, may be cited as 
instances. If the temperature is allowed to fall, ordinary 
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observation shows that the light becomes more and more reddish | 

in hue, till at last even the dull red glow vanishes. Thus, as a 
heated body is cooled, light of lower and lower refrangibility is j 

emitted. Even after the last trace of visible radiations have 
ceased to be emitted, other rays, which we may term infra-red 
rays, are given off, and these may be detected and examined 
by means of the bolometer or radiomicrometer.^ 

If in a perfectly dark room a piece of platinum is slowly 
heated by an electric current, and the first trace of luminosity is j 

; watched for by an eye accustomed to the dark, a faint gray 

j glow will be the first thing seen. This “ gray glow,” as it is 

I termed, has a peculiar flickering appearance, due to the fact that 

; it disappears when looked at directly, but reappears when the 

eye is turned to a point a little on one side of it. Thus, it is 
seen that the fovea centralis is insensitive to the gray glow, while 
I surrounding parts of the retina can be affected by it. It will be 

I remembered that the rods are entii'ely absent from the fovea, 

i while they are plentifully scattered through the rest of the 

; bacillary layer. This has given rise to the theory that the gray 

glow is perceived, by the aid of the rods, but not the cones of 
the retina. 

] The gray glow may be due to traces of ordinary light too faint to act 

! on the cones, or may possibly be produced by rays of less refrangibility 

;| : than the red. Tire former supposition is perhaps the more reasonable. 

! In the eyes of animals that seek their food in the dark, or dusk (such as 

J the owl and bat), the bacillary layer is entirely composed of rods, 

f, Further, faint stars (such as the Pleiades) may be seen more distinctly 

f t when the eye, is directed a little to one side of them. Sometimes a 

i!*' very faint star, which can be seen when the eye is directed to a neigh- 

'n! bouring part of the heavens, will entirely disappear when looked at 

'll! directly. A piece of paper, illuminated by moonlight which has passed 

through red glass, will not appear coloured, but of a grayish hue, so 
that the shadow of a stained .glass window, thrown by moonlight on the 
i ' stone floor of a church, presents merely variations of grayish light. 

I ^ It would thus appear that the function of the rods in the bacillary 

I I layer is to produce consciou.sness of very faint light, irrespective of 

[*i , colour ; while colour sen.sations are produced by the cones. 

? ’ Tke Visual Purple. — In man and many animals the terminal, 

, cylindrical portion of the rods (Fig. 91) is of a deep purple 

[ 1 See Heat for Advanced Students^ by the Author, pp. 404 and 410. 
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colour. The colouring-matter of these rods, termed visual 
purple^ may be dissolved out by appropriate chemical reagents, 
and ^ a deep purple solution, which is bleached by light, is 
obtained. Yellowish-green light has the strongest bleaching 
action. It happens that the yellowish-green part of the 
spectrum is that which appears brightest to the living eye. 
Light also produces a bleaching action on the purple colour- 
ing-matter in the rods during ordinary vision ; the colour 
becomes gradually restored in darkness. If the eye of an 
animal is focussed on a bright object immediately before it is 
killed, a bleached image of the object will be found on the 
retina, if the eye is not exposed to light during dissection. This 
image can be fixed” by washing in a lo per cent, solution of 
potash alum, and an ocular photograph of the object thus 
obtained. 

^ It is uncertain whether the visual purple plays any important part in 
vision. The rods in the eye of the owl are of a very deep purple colour, 
while those of the bat are colourless. Since both of these animals seek 
their food in the dusk, and must have eyes extremely sensitive to faint 
light, it would appear that the presence of visual purple is not necessary 
for, although it may exert some unknown influence on, the functioning 
of the rods. 

The Blind Spot. — The optic nerve enters the eye on the 
nasal side of the fovea, vdiere it forms a small eminence which 
is left uncovered by both the choroid and the retina. We shall 
therefore be prepared to find that this part of the eye is insensi- 
tive to light, unless, indeed, the nerve substance were affected 
by light, which we have seen reason to believe is not the case. 

Expt. 51. — Close the left eye, and with the right one look directly 
at the star in Fig. 94. Move the book to and from the eye. When at 
a distance of about 15 inches from the eye, the circular white spot 
will disappear. At less or greater distances, the circular spot wall be 
visible. Care must be taken to keep the eye steadily directed toward 
the star during this experiment. 

Thus, there is a spot on the internal surface of the eye which- 
is insensitive to light. The position of this spot can be 
determined. For w^e know that the image of the star will be 
formed on the fovea, and the distance between the star and 
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white spot in Fig. 94 will subtend, at the anterior nodal point 
of the eye, an angle equal to that subtended at the posterior 
nodal point, by the distance from the fovea to the blind spot. 



Fig. 94. — To determine the Blind Spot. 


Thus, the position of the blihd spot has been found to agree 
exactly with the eminence formed by the entrance of the optic 
nerve. 

Objective Inspection of the Interior of the Eye. — A method 
by which a person can see the blood-vessels of his own eye 
has already been described (p. I 75 )- This class of observation 
is termed subjective. A method of viewing the interior of 
another person’s eyes also exists. Such observations are termed 
objective. 

As we have seen, parallel light, on entering an unaccommodated 
emmetropic eye, is bi'ought to a focus on the retina. A certain 
amount of red light is reflected from the illumined retina, 
chiefly by the transverse bundles of connective tissue (Fig. 91) 
and the blood-vessels. This light would be rendered parallel 
on leaving the eye, and the internal surface of the retina 
(termed the fundus of the eye) could Ije seen by another 
emmetropic eye, were it not that the head of the observer must 
be placed in front of the observed eye (owing to the smallness 
of the pupil), and would thus cut off the light which is required 
to illumine the fundus. 

A red glow is often, however, seen in the eye of the horse and dog. 
This is the light, reflected from the fundus, which reaches the observer’s 
eye, owing to the large pupil of the animal. The green glow of a 
cat’s eye in a dimly-lighted room, when the cat’s pupil is distended, 



VHI 


THE EYE 


183 


has a similar origin ; the peculiar colour is due to cells, said to 
contain crystalline bodies, which are distributed through the retina of 
the cat. 

The first attempt to view the fundus of the living eye was 
made by Briicke, who looked into the eye through a tube 
passing through the flame by which the fundus was illumined. 
It was by Helmholtz, however, that the problem was finally 
solved. He used a real image, formed by reflection at a 
concave mirror, as the source of light, and viewed the fundus 
through a small central aperture in the mirror. An arrange- 
ment designed to view the fundus of the eye in this manner, is 
termed an Ophthalmoscope. 

The Ophthalmoscope. — One form which this instrument may take is 
shown in Fig. 95. 

A source of light, /, is placed as near as possible to, but a little 
behind, the eye to be observed. Light from this source falls on a con- 
cave mirror, M, provided with a central perforation, A. This mirror 
is inclined so that the resulting real image, I, is formed in the straight 
line joining the perforation, A, and the jDupil. A lens, L, is placed in 
front of the eye, in such a position that the image, I, is at its principal 
focus, so that light from I will be rendered parallel after traversing it, 
and will be focussed on the fundus of the emmetropic eye, E, without 



Fig. gs. — Ophthalmoscope. 


accommodation. Thus, illumination of the fundus, the first thing neces- 
sary for its inspection, is secured. Light from the illuminated fundus will 
be rendered parallel on leaving the eye, and will he brought to a focus 
at I. Thus, if the distance from A to I is equal to, or greater than, 10 
inches, an eye with normal accommodative power, looking threugh A, 
will see a magnified inverted image of the fundus situated at I. 
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By means of the ophthalmoscope the various parts of the 
fundus of the human eye can be minutely examined. The 
yellow spot, fovea centralis, blind spot, and the various nerve- 
fibres and blood-vessels can all be rendered distinctly visible. 
By its means a narrow pencil of light can be directed on to the 
blind spot, and the conclusions reached as a result of Expt. 5 1 
verified. The ophthahnoscope is also valuable in examining 
the refractive properties of defective eyes. 

Binocular Vision. —When we view a small object by means 
of both eyes, an image of the object is foianecl on the fovea 
of each eye. Hence, it becomes apparent that, in binocular 
vision of a near oljject, the visual lines converge toward that 
object. This is a matter of some importance, for we learn, by 
experience, to judge of the distance of near objects in terms of 
the muscular effort required to produce this convergence. 

Expt. 52, — Try to thread a needle with one eye clo.sed. It will be 
found much more difficult than when both eyes are used. 

When we view a solid body with both eyes, two slightly 
different ocular images are formed. 
This becomes apparent if we hold 
one hand edgeways some distance 
in front of the face, and after look- 
ing at it with both eyes, close first 
one eye and then the other. This 
difference in the ocular images of a 
near object we have learnt, by ex- 
perience, to associate with solidity. 
Thus, a portrait or photograph, 
however striking may be its like- 
ness to a person, always has a sus- 
picion of flatness in comparison 
with the actual appearance of the 
person. 

The Stereoscope.— In this instru- 
ment two photographs of an object, 
or group of objects, are simulta- 
neously viewed by the two eyes, 
through lenses which cause the 
visual lines to converge toward 



Fig. g6.— Stereoscopic Vision. 
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a point, images of corresponding points in the two photo- 
graphs being formed on the foveas of the two eyes. The 
two photographs are not exactly similar, but are obtained by 
the use of two cameras, of which the optic axes converge 
about as much as the visual lines would when viewing the 
object to be photographed. Thus, in the stereoscope we see 
two different views of the object, rvith an ocular convergence 
similar to that necessary for viewing the actual object. As a 
result, we obtain a wonderful appearance of relief in the objects, 
and depth in the picture. The convergence of the visual lines is 
generally produced by looking through two de-centred lenses 
(Fig. 96)._ 

Defective Eyes. — As already explained, the emmetropic 
eye brings parallel light to a focus on the retina. The most 
common ocular defects arise fi-om the retina being either 
behind, or in front of, the posterior (or second) focal point of 
the eye. 

Myopia. — In Myopia, parallel light is brought to a focus in 
front of the retma^ due in general to an excessive length of 
the eye. As a consequence, such an eye obtains only a blurred 
image of distant objects. The term myopia was suggested by 
the practice of nearly closing the eyes when viewing distant 
objects, which is characteristic of persons suffering from this 
defect. The light proceeding from each point of a distant 
object produces, after passing through the pupil, a cone of rays 
converging to a point in front of the retina, and then diverging, 
and thus producing a blurred spot on the retina. By diminish- 
ing the aperture through which the rays enter the eye, the angle 
of the cone is diminished, and a smaller spot is produced on the 
retina. The myopic eye can see near objects distinctly, and its 
near point is closer to the eye than in the emmetropic eye. 

Hypermetropia. — In Hypermetropia parallel light is 
brought to a focus behind the retma, generally due to deficient 
length of the eye. Such an eye can obtain distinct vision of 
neither distant nor near objects, unless by an act of accom- 
modation. In the unaccommodated hypermeti'opic eye, the 
only light which could be focussed on the retina would be 
that which converges toward a point behind the retina. 

Astigmatism.— The Astigmatic eye has different refractive 
powers in different planes, often due to irregularity in the 
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curvature of the cornea. Such an eye may be able to see, for 
instance, the horizontal twigs of a tree, while the vertical twigs 

are indistinct or invisible. . , , j 

A.PHAK1A. — In A-plitilcici the crystalline lens hds loeeii lemovecl 
from the eye. In this case, the opheal system of the eye is 
extremely simple, consisting of a single convex suiface the 
cornea— bounding a medium of refractive index equal to 1-337. 
The aphakic eye is, of course, incapable of accommodation. 
An eye which was emmetropic before the extraction of the lens 
will be hypermetropic after that operation. Extraction of the 
lens is sometimes resorted to as a cure for excessive myopia. 

In the normal eye, the radius of curvature of the cornea is equal ^ to 
-7-83 rotn I'lence, the equation connecting v and ii, the lespective 
distances of image and object, measured from the anterior surface of the 
cornea, takes the form 

1-337 I ^ '337 ^ _ „L , 

v' " n - 7-83 23-2 

To find the position of tire posterior focus, put u = <xi. Then, 

2/ = - 23-2 X 1-337 = - 31 'o n™- 
Since the normal distance from the anterior surface of the cornea 
to the retina is equal to 22-8 mm., it becomes apparent that the second 
focal point of the aphakic eye is (3ro - 22-8) 8-2 mm. behind the 

'^Tb’find the position of the first focal point, put r; = 00. Then 
« = + 23-2 mm. Thius, the first focal point of the aphakic eye is m 
■ advance of the position it would occupy in the emmetropic eye. 


Questions on Chapter VIII 

I. men the eye is immersed in water, near objects cannot be 

sStLce of ae eyo, the focal length 

of the ophthalmoscope lens L (Fig. 95 . P- ^§ 3 ). ^hat the image of 

the fundus is magnified //F diameters. 
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VISION THROUGH A LENS 

Sp6Ct3iCl6S. rin order to remedy the ocular defects described 
in Chapter VIII, spectacle lenses of various kinds are used. The 
nature of the lens to be employed to remedy any particular 
defect can easily be determined. 

I. Myopic Eye.— In this case near vision is equal, or superior, 
to that of an emmetropic eye. Since, however, parallel rays 
are brought to a focus in front of the retina, distant objects can-, 
not be seen distinctly, and the far point, instead of being at 
infinity, will be at a limited distance in front of the eye. Thus 
spectacles become necessary for distant vision. 

97) A, represents the refractive action of a myopic eye. Parallel 
rays are brought to a focus at F, in front of the retina. Accommoda- 
tion only serves to reduce the anterior and posterior focal lengths 
of the eye, so that distinct vision of distant objects cannot be obtained 
by its aid. Let P be the far point of this eye. Then light diverging 
from I will be brought to a focus on the retina, without accommoda- 
tion. In order that distant objects should be seen, it is necessary to 
employ a divergent lens, L, such that parallel rays, after passing through 
it, shall diverge from a virtual focus at P. It at once becomes obvious 
that the distance LP must be equal to the focal length of the lens used. 
Also, siiice P is a fixed point with respect to the eye, the distance LP 
will diminish as the lens is removed from the eye. Thus, the farther 
the lens is worn from the eye, the greater is the power (p. 74), 
or the smaller is the focal length, of the lens required to see distant 
Jjects. On the other hand, a lens which, when placed at L, gives 
distinct vision of distant objects without accommodation, can be used 
to give ^ distinct vision of nearer objects without accommodation by 
moving it farther from the eye. 
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2. Hypermetkopic Eye.— In this case parallel rays are 
focussed Ijehind the retina by the eye when at rest. If the ac- 
commodative power of the eye is sufficient, distant objects, oi 
even those relatively close to the eye, can be seen by its aid. A 
great strain is, however, generally imposed on the ciliary muscle, 
so that it is generally advisable to use suitable spectacles. 

Fig. g7, B, represents the refractive action of a hypermetropic 
eye. Parallel rays are focussed at F, a point behind the retina. In 



J'lG. 97.— Spectacle Lenses used in_ conjunction with Myopic and 
Hypermetropic Eyes. 


order to be focussed, without accommodation, on the retina, light must 
converge toward a point, P, behind the eye. P is thus the far point of 
the eye (p. 170), When the position of P has been determined, the 
exact character of the lens required for distant vision becomes known. 
For the required lens must cause parallel rays, after passing through it, 
to converge toward P. Thus LP is the focal length of the lens re- 
quired. As the distance from L to P is measured in the negative 
direction, a lens of negative focal length (or a converging lens) must 
be used. Then, if the accommodative power of the eye is normal, 
objects at any distance down to alrout 10 inches from the eye can be 
seen by its aid. Since the point P is fixed with respect to the eye, the 
distance LP will increase in numerical value as the lens is removed 
from the eye. Hence, in order to view distant objects, weaker glasses 
can be used if these are supported at a greater distance from the eye. 
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The strength of the glass required to view near objects, without 
ocular accommodation, can be easily calculated. Let u be the distance 
from the lens at which the object to be viewed is placed. Let the dis- 

?hS-' ^ 


■/ 


-/ 


_ 

ll + p 


_ The effect of changing the distance from the eye at which the lens 
IS placed on the focal length of the lens required, can b,e easily in- 
vestigated. Let us suppose that the position of the lens is advaLecI 

the focan /r P- Then, to determine 

/„ the focal length of the lens required, we shall have the equation— 


p + d ^ u - d 

- d ^ p Jr d 
^tp -f- {u -p)d- d'^ 


I 

'fx 

I 

'7x' 


_ Since nTis small, we may neglect d- in comparison with the remain- 
ing terms in the denominator. Then 

- / = ~ P^^ 

^ U Jr p ’ 

Both u and p are positive. When n>p, that is fU -i 

P”“' '' “> object riewS” 

(u-p)d will be positive, and the numerical value of f win K ! ’ 

ta tet of/. When />., (u-t¥ will beXIvl 
less than/ nut, if the pmilion of the glatt can be 'ehanl'dtPaPto 
hiiigztmarerto the mtdway feint behceen P and tt,e obfeel viewed 
a lent p greater foeallength, or tmall.r facer, can be need ' 

With given spectacles a nearer object maybe viewed without ac 
commohafon or the power of the glasses can virtnally be InerLS 
by moving them farther from the eye, provided the ordinal Sstacl 

reoP bcmerically greater than the distance fr„m“he 

lens to P When the lens is midway between the object and P the 

distance from lens to object will be equal to twice the focal len 4 of 
^Jl^uis,ascan be seen by substituting in the above equation 

seen ^f distant objects can be clearly 

Z x’S X ^^""°™"^«dative power is the only existing- defect 
{p. 70 ). In Older that near objects should be seen, light from 
them must be rendered parallel before reaching the eye Hence, 
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in order that such an eye shall be able to read ordinary type 
placed at a distance of 12 inches (30 cm.) from the position 
where the spectacles are to be worn, convex glasses, of - 30 cm. 
focal length, or +3-3 dioptres in power (p. 74), must be 
used. For distinct vision, a near object must be placed at the 
focus of the lens used ; thus, if the latter is moved farther from 
the eye, the object must be moved in the same direction to an 
equal extent. 

4. Aphakic Eye. — This eye is generally hypermetropic, the 
posterior focus being at a distance of 31 ’i .mm. behind the 
cornea (p. 186). It will also be incapable of accommodation. 
Different convex glasses will generally be recjuired for distant, 
and for near vision. The strength of the glasses required in 
either case can be calculated on the same principles as those 
explained in connection with hypermetropia. 

5. Astigmatic Eye.— I n this case the refractive power of 
the eye is different in different planes. This defect is corrected 
by wearing cylindrical glasses, so as to reinforce the power 
of the eye in the plane of least curvature of the cornea, or to 
neutralise the greater power of the eye in the plane of greatest 
curvature of the cornea. An astigmatic eye may also possess 
any . of the defects previously dealt with, in which case a lens, 
cylindrical on one surface, and spherical (concave or convex, as 
the case requires) on the other, becomes necessary. 

Magnification produced by Spectacles. — When a near 
object is viewed by the aid of spectacles, a virtual image of it is 
seen, and the dimensions of the hnage can be calculated from 
those of the object, the distance between object and lens, and 
the focal length of the lens, in the manner explained on p. 72. 
In this section, however, we must turn our attention to the 
actual size of the image produced in the eye itself, when an 
object is viewed through a lens. In what follows, the eye must 
be supposed to be unaccommodated, unless the reverse is ex- 
pressly stated. We shall find that with an object at a constant 
distance from the eye, the size of the retinal image is affected 
by the position of the lens. 

I. Eye without Lens. — Having given the principal planes, ad 
and be, together with the first and second foci (Fj and F2) of the eye, 
we may readily construct the ocular image of a small object, O, standing 
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“hrouerF ^ "^tremity of O draw a straight line 
thiough F„ cutting the first principal plane at « ; and from b, a point 

in the second principal plane, on the same side of the axis as a and at 
an equal distance from it, draw the line be parallel to the axis. Again 
i^oni the upper extremity of O draw a line parallel to the axis, cutting 
e fiist principal plane at d and from a point in the second princi- 
pal plane on the same side of the axis as d, and at an equal diLnce 



Fig. 98.— Lens in First Focal Plane of Eye. 


^oin It, draw a Straight line through the second principal focus F 

o^ Xax '' 'ras'wllTbel^'-' " Perpendicula; 

01 tfie axis. This will be the image corresponding to the object O. 

be equal to d. Then, if Fj is equal to the first focal distance of the 

^«Uor- « given by the 

i Fi 

0 d' 

2. Thin Lens in First Focal Plane of Eye. -T he modifi 
cation produced in the ocular image by placing a lens in the first focal 
plane of the eye may be readily determined. A straight line can still 
be Jawn from the upper extremity of O through i?, since the lens 

through it undeviated. Hence we 
shall obtain the same line dr,' to determine the size of the image Ts 
before. Let the lens be convergent, as shown in Fig, 98, and letV be 
us firstfoca point. Draw a line from/, through theVper exhluy of 
0 and produce this line to the lens. This ray will be fendererpamll^ 

?efecfioTk the'"''^^' downward, after 

lefraction in the eye, so as to pass through F^. The construction is 
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similar to that previously employed. The image Lj is thus obtained, 
which is of the same size as Ij, but is brought forward in the eye. 

The modification necessary when a divergent lens is used will 
suggest itself to the student. In that case f, will be a point on the 
side of the lens opposite to O. 

As u result of this construction, we miive nt the impoitant 
rule that a lens placed in the first focal plane of the eye produces 
nochanirein the size of the image formed without accommoda- 
tion, bid only shifts the image forward {convergent lens) or 
backward {divergent lens). 

This rule does not mean that the image seen by the eye will be the 
same with, as without a lens. If the image I^ was formed behind the 
retina, accommodation would be necessary to bring it forward on to 
the retina. In accommodation both the posterior and anteiior focal 
distances and F2 are diminished, and therefore the magnification, 

which is equal to S, will be diminished. If a lens, placed in the 
d 

first focal plane of the eye, is used to bring the image forward, the 
dimensions of the latter are unaltered, and it will therefore be larger 
than that seen by the aid of accommodation. If the eye is normal, the 
point F2 (Fig. 98), will be on the retina, and thus a retinal image could 
only be formed without accommodatioir when the object is situated at 
the principal focus of the lens. 

3. Lens in Front on, or Behind, the First Focal Plane of 
Eye. — Let the distance from the first focal point F^ to the object O 
(Fig. 99), be equal to d, and let the lens be placed at a distance from 
Fj {pc will be positive when the lens is farther from the eye than Fj). 
In order to obtain the horizontal line corresponding to be (Fig. 98), 
which determines the size of the ocular image, we must first construct 
the virtual image formed by refraction through the lens. The method 
of doing this will be seen from Fig. 99, and has already been explain^ 
(p. 71). Let be the image formed. From the extremity of Oj 
remote from the axis, draw a straight line passing through Fj, and 
cutting the first focal plane in a. The remaining construction foi t re 
ocular image I will be readily understood from Fig. 99 - 
It is obvious that will be equal to the size of the ocular image, i 
say. Also, since the triangles AF^Oi and aFiPj are similai, we 
have, if 0' is equal to the size of the image Oi, 

i ^ -Jb 

0' V -y w’ 

where v is equal to the distance LOj. 


(I) 
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Also, if 0 is equal to the size of the object O, 

0' _ LOj V 

0 ~ LO 7 t • ( 2 ) 


where zi is equal to the distance LO. 

From (i) and (2) the magnification m of the ocular image is given by 


0 ii{p q- x) ’ 

the minus sign denoting inversion. 



Fig. 99.— Lens in front of First Focal Plane of Eye. 


Now, 


Also, 


1 _ I 
u ~f 


. d - X 


since = LO = FO - FjL =z d - x. 

f[d - x) 




0 


/+ zi f + d - x' 


I + 


d- x\ ( f(d - x) 


0( 




4 " X 


+ d - x) 


{f -{■ d - x){fd - fx + fx + dx - xd) 


/Fi 


[fd + dx - x‘^) 
This gives the magnification in terms of F^, d, and x. 


••(4) 


Q 


>L- 
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{a) Let .X- = 0 ; then the lens is in the first focal plane of the eye. In 
this case — ^ 

0 fd d’ 


so that the size of the ocular image is the same as if the lens were 
absent, as already proved. 

{d) Let the lens be convergent, and for f write - f, since the focal 
length of a convergent lens is negative. Then — 


Since d will always be greater than x, if the lens is placed between 
Fj and O, we see that dx — will be positive, so that, at first, the 
numerical value of the denominator decreases as x is increased ; thus, 
the size of the ocular image at first iricreases as the le^ts is moved in ad- 
vance of the first focal plane of the eye. The denominator will continue 
to decrease until [dx — x"^) has reached its greatest value, which will 

occur when x ~ — . Then the denominator will commence to increase. 
2 


When X = d, 



That is, when the lens is placed in contact with the object, the ocular 
image will again have the same size as if the lens were removed. 

If the lens is moved from F^ toward the eye, a* will be negative, and 
[dx — x^) will be negative, so that the denominator will increase 
numerically, and the size of the ocular image will diminish. 

(c) Let the lens be divergent, so that f is positive in (4). Then, 
when X is positive, the denominator of (4) will increase in numerical 
value, and the size of the ocular image will diminish, as x is increased, 
i.e. as the lens is moved from F^ away from the eye. Similarly, the 
size of the ocular image will increase as the lens is moved from hj 
txjward the eye. 


Suminary. — We may now summarise the I'esults obtained. 

1, Any lens placed in the first focal plane of the eye makes 
no difference in the size of the ocular image. 

2. If the lens is convergent, the size of the ocular image will 
increase as the lens is removed from the first focal plane, away 
from the eye. It will reach its maximum size when the lens is 
half-way between the fipst focal plane of the eye and the objecti 
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The ocular image will continually decrease in size as the lens 
is moved from the first focal plane toward the eye. 

3. If the lens is divergent, the size of the ocular image will 
decrease or increase, according as the lens is moved away trom, 
or toward, the eye, from the first focal plane of the latter. The 
smallest image will be formed when the lens is midway between 
the first focal plane and the object. 

Practical OonseoLuences. — The anterior focus of the eye 
I's at a distance of 137 mm. from the cornea. Spectacle-lenses 
are generally worn in advance of this position, owing" to the 
projecting eyelashes. 

In hypermetropia, due merely to deficient length of the eye, 
a convergent spectacle-lens placed at the anterior focus merely 
brings the ocular image forward so as to coincide with the 
I'etina. If the retinal image thus formed is that of a near 
object, it will be larger than that formed in an emmetropic eye 
by the aid of accommodation, and if the spectacles are worn in 
advance of the anterior focus of the eye, a still greater magnifi- 
cation is pfoduced. On the other hand, 'the hyperinetropic.eye, 
which sees near objects merely by means of accommodation, 
will have smaller retinal images than the emmetropic eye, since 
the first focal length of the accommodated eye must be smaller 
in hypermetropia than in emmetropjs, in order to bring , the 
ocular image bn to thn retina. 

In myopia, a divergent lens placed at the first focal pilane of 
the eye serves to throw the ocular image of a near object farther 
back. If the lens used is adapted for distant vision, the same 
degree of accommodation will be required for near vision as in 
the emmetropic eye, and the retinal images will be of the same 
size in both cases. Since the divergent lens is generally worn 
in front of the first focal plane of the eye, the retinal image will 
be diminished. In extreme cases of myopia, this diminution in 
the size of retinal images is so marked that recourse is some- 
times had to extraction of the crystalline lens. 

In presbyopia, complete loss of accommodative power in a 
normal eye can only be remedied by placing the object to be 
viewed in the anterior focal plane of the convergent glasses 
worn. The relative positions of eye and object remaining un- 
altered, moving the glasses forward from the first focal plane , of 
the eye will throw the image behind the retina, and distinct 
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vision will not be obtained. On the other hand, the image on 
the retina, though indistinct, will be larger than before. For 
this I'eason, presbyopes will often be .seen leading with theii 
^’lasses perched on the extreme tip of the nose. 

Vision through a Magnifying . Glass.— If a convergent 
lens is placed in front of a normal eye, an object situated at the 
focus of the lens will be seen without accommodation. If the 
lens is placed in the first focal plane of the eye, the size of 
the retinal image will be the same as if the eye had been 
sufficiently long for an image to be formed without the aid of 
either lens or accommodation. If the lens is moved away from 
the eye, or if the object is moved nearer to the lens, accom- 
modation becomes necessary. The largest retinal image will 
be formed when the lens is in the first focal plane of the eye, 
and the olDject is placed at such a distance from it that the 
virtual image formed by the refraction of the lens shall be at 
the near point of the eye. This follows from the fact that the 
magnification, which is equal to — will be affected moie 

by the diminution of as the object is brought nearer to 
the lens, than by the diminution in Fi produced by accom- 
modation. 


Let D be the distance from the first principal focus to the near point 
of the eye. Then, if a lens of focal length f is placed in the first focal 
plane of the eye, the distance ti from the lens, at which an object must 
be placed in order that the lens shall form an image at the near point, is 
given by— 

I I _ I _ D/ 

D ■/- D- 


The magnification produced by the combination of the eye and the 
lens is equal to — 

F, . F,(/-D) . 

« D/ 

If the object itself were placed at the near point, the lens being 
removed, the magnification produced by the unaided eye would be 
equal to — 

_ ^ 

D’ 

In both cases the eye must be accommodated to the same extent, 
and therefore Fj, has the same value in both cases. Thus— 
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Maximum magnijication produced by eye and lens: Maximum 
magnijication produced by unaided eye — 

!'.(/- D). F. _/-D., . D , 

- - — / ^ - D - • I - I - 7 . I. 

The same result may be arrived at more simply, by noting that the 
image seen by the aid of the lens, and the object itself when seen by 
the unaided eye, are both situated at the near point. Thus the eye being 
similarly accommodated in both cases, the magnification is merely that 
produced by the lens, which, from equation (10), p. 72, is equal to 
-(D -/)/_/; It must be remembered that for a magnifying glass, / is 
negative. 

In the normal eye, D =: 25 cm. (about). Thus, a lens of P dioptres, 
(p. 74), when used as a magnifying glass, produces a magnification 
equal to — 

I + 0-25 P. 

Achromatism of Magnifying G-lass. — A small white object, when 
viewed axially through a magnifying glass, appears to be achromatic. 
The explanation of this is obvious. When the magnifying glass is 
placed in the first focal plane of the eye, the ocular images, formed by 
blue and red rays, are equal in size, but differ slightly in position. 
Thus the only defect produced is that some of the coloured images are 
more sharply focussed on the retina than others. 

Another explanation can also be given. If the object, of linear 
dimensions 0, is situated- at a distance u from the lens, while the blue 
and red images are formed at distances Vb and z',. from the lens, then the 
blue image subtends an angle 


at the lens, and practically the same angle at the eye. The red image 
also subtends an angle equal to afu, so that the ocular Images are equal 
in size. 

When a large white object is viewed through a lens, the marginal 
parts of the image show traces of colour. This is due to the chromatic 
effects of spherical aberration (p. I34)- 

Pocket Microscopes. — A powerful lens, when placed near 
the eye, may be used to magnify a small object placed within 
the anterior focal distance of the lens. The marginal portions 
of the image seen will, however, be very indistinct, owing to 
spherical aberration, unless a stop is used. 
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Wollaston’s Lens consists of two glass hemispheres, their 
plane sides being cemented together with a stop interposed. 

Thus, only centric pencils can reach the 
eye from the object, and aberration is 
avoided. 

The Coddington Lens consists of 
a glass sphere round which a deep 
equatorial groove has been ground, so 
that it takes the form shown in Fig. 100. 
In this, as in Wollaston’s lens, the light 
reaching the eye is limited to centric 
pencils, but the loss of light which oc- 

Fic. 100.— Coddington cui's in Wollaston’s lens, owing to the 
interposition of a layer of transparent 
cement of different refractive index 
from the glass, is avoided. Experience shows that the 
diameter of the central aperture through which the light 
passes must be limited to about one-fifth of the focal distance 
of the sphere. The image seen will be strongly curved, since 
peripheral portions of the object will be at a greater distance 
than central portions from the centre of the sphere. 

The Stanhope Lens consists of a glass cylinder, the ends 
of which are ground convex to unequal radii, so as to diminish 
spherical aberration. The cylinder is made of such a length 
that an object placed on the end surface of least curvature will 
be seen by an eye placed near the opposite, more convex 
surface. 

Questions on Chapter IX 

1. The maximum distance of distinct vision for a certain person is 
20 centimetres. To enable him to see distant objects distinctly, he will 
require a lens. Calculate either (a) the power, in dioptres, of that lens, 
or (f;) its focal length, in centimetres. Explain also, with the aid of a 
diagram, why this lens will enable him to have distant vision. (Lond. 
Inter. Sci. Pass, 1899.) 

2. Illustrate by a figure the action of a simple convex lens of 6 inches 
focal length, placed close in front of an eye whose distance of distinct 
vision is 14 inches, and find the magnifying power. (A. 1893.) 

3. Find the magnifying grower of a simple lens of i inch focal 
length, placed close in front of an eye whose distance of distinct 
vision is 10 inches. Illustrate with a figure. (A. 1888.) 
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CHAPTER X 


OPTICAL INSTRUMENTS AND APPLIANCES 

Refracting Telescopes. — The optical system of a refracting 
telescope, in its simplest form, consists of two coaxial lenses, one 
of which, termed the object-glass or objective, is turned toward 
a distant object, while the other, termed the eye-lens, is placed 
immediately in front of the eye. A virtual image of the distant 
object is then seen, and this image subtends at the eye an angle 
greater than that subtended by the object. It is commonly 
stated that a telescope magnifies distant objects, and, when 
understood in the sense explained above, this statement 
is correct ; but it is not at all necessary that the virtual image 
seen by the eye should be larger than, or indeed as large as, 
the object. 

The objective of a refracting telescope is always a convergent 
lens ; the eye-lens may be either convergent or divergent. 

Astronomical Telescope. — In this instrument the objective, 
0 (Fig. loi), forms a real, inverted, and diminished image of a 



Fig. ioi.— Optical System of Astronomical Telescope. 


distant object. This image is viewed through a convergent eye- 
lens, E, which merely acts as a magnifying glass ; the image 



200 


LIGHT FOR STUDENTS 


CHAP. 



may therefore be situated anywhere between the first focal point 
and the surface of the eye-lens, provided that the virtual magni- 
fied image is formed at a distance from the eye greater than the 
shoitest distance of distinct vision. The image seen is inverted. 

Astronomical telescopes are often provided with fine spider lines 
perpendicular to the axis of the telescope, and intersecting each other 
on the axis. These sjoider lines are termed cross-wires ; when the 
plane in which they lie coincides with that in which the real image is 
formed by the objective, the cross- wires and the image can be clearly 
seen simultaneously, without parallax. On bringing airy part of the 
image on to the intersection of the cross-wires, we know that the cor- 
responding part of the object lies in the prolongation of the axis of the 
telescope. 


Galileo’s Telescope. — In this instrument (Fig. 102) the rays 
which have traversed the objective converge toward points in 
an inverted diminished image ; but before this image is formed, 



Fig. 102. Optical System of Galileo’s Telescope. 


the rays fall on a divergent eye-lens, E, and are thereby rendered 
divergent. ^ The image seen on looking through the eye-lens 
IS elect; its formation will be understood from Fig. 103, If 
the image, toward which the rays from the objective converg-e 
IS situated at the first principal focus of the eye-lens, the virtual 
image finally formed will be at infinity. Galileo’s telescope is 
shorter than an astronomical telescope of equal magnifying 
power ;, this circumstance, together with the fact that the image 
seen is erect, has led to the adoption of Galileo’s optical 
aiiangenient in the construction of opera glasses. 

Ma^iflcation produced by Refracting Telescope. Let 

U be the distance of an object from the objective of a telescope. 
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and let the rays leaving the objective converge toward an image 
at a distance from it equal to v. Then, if the length of the 
object is equal to A, the length of the image will be equal to 
Av/u (p. 72). If the eye-lens is at a distance u from this 
image, and the final image is at a distance v from the eye-lens, 
the magnification produced by the eye-lens is equal to and 
the length of the final image will be equal to Ayvjvti. Since 
this image is practically at a distance v from the eye, the 
angle which it subtends at the eye is equal to — 

Aw ^ _ Av 
uu ’ vu' 

The object itself will practically be at a distance U from the 
eye, so that it subtends an angle equal to A/u at the eye. Thus, 
the ratio of the angles which the image and object subtend at 
the eye is equal to — 

Av , A _ V 

: u« ’ u tt 

■■ This gives the magnification produced by the telescope. 

Since the object is supposed to be at a great distance, the image 
formed by the objective will practically coincide with the second 
principal focus of the latter, and v = F, where F is the focal length of 
the objective. If it is required that the image shall be seen by the eye 
without accommodation, it must be formed at the first principal focus of 
the eye-lens, so that ti = - f where f\s the focal length of the eye-lens. 
Thus, the magnification produced by a telescope, when the latter is 
adjusted to suit the unaccommodated eye, is equal to - vlf. 

To obtain a high magnification, F must be made as great, and f as 
smalt', as possible. Consequently, a telescope must comprise a long 
focus objective, and a short focus eye-lens. 

Terrestrial Telescope. — A telescope which produces an in-, 
verted image is of little use for observing terrestrial objects. ' 
This difficulty may, however, be overcome in a very simple 
manner. Let an objective, O, produce a real inverted image, Ij 
(Fig. 103). A convergent lens, L, forms an image of 1^ at I^, and 
if the images and I 2 are equidistant from, and on opposite sides 
of, L, they will be equal in size, and will differ only in one being 
the inversion of the other. It is easily proved that in this 
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case the distance from or Ig to the lens must be equal to 
twice the focal length of the latter. The image Ig is observed 
through an eye-lens, E. 

When a single erecting lens, L, is used, it should be equi-convex, to 
diminish spherical aberration (p. 132). In practice, two similar plano- 
convex lenses, separated by a distance equal to the focal length of either, 
are used instead of the single lens L. The image must then be 
situated at the first principal focus of the lens nearer to it, and the image 
I3 is formed at the second principal focus of the other lens. The 
convex surfaces of the lenses face each other, thus ensuring that all 



Fig. 103.— Optical System of Terrestrial Telescope. 


four surfaces, as far as possible, produce equal increments of deviation. 
Spherical aberration is minimised by this arrangement, since the devia- 
tion is equally divided between four surfaces instead of two. 

The Compound Microscope. — This instrument, in its simplest 
form (Fig. 104), consists of an objective, O, which forms a real, 
magnified, and inverted image of an object placed just beyond 
its first principal focus ; together with an. eye-lens, E, by the aid 
of which this image is viewed. Since the objective produces a 
magnified image, the object must be nearer to it than the image. 
For the image seen by the eye to be formed at infinity, the 
real image due to the objective must be at the first prin- 
cipal focus of the eye-lens ; in this case there is no strain on 
the eye of the observer. The final image may, however, be 
formed at any distance from the eye-lens exceeding the shortest 
distance of distinct vision (about 10 inches, or 25 centimetres) ; 
in such cases the image due to the objective must be closer to 
the eye-lens than the first principal focus of the latter. 
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If the object, of length A, is at a distance u from the microscope 
objective, and the real image is at a distance v from the objective, 
the length of the image will be equal to vA/u. The maximum 
magnification which can be produced by the eye-lens is equal to 



Fig, 104.— Optical System of Compound Microscope. 


(i - D//), where D is the shortest distance of distinct vision, and 
/ is the focal length (a negative quantity) of the eye-lens (p. 196). 
Thus, when the final image is formed at the near point of the eye, 
,the microscope produces a magnification equal to — 



The magnification may be increased by separating the objective 
and eye-lens more widely, thus increasing v ; and at the same time 
bringing the object nearer to the objective, thus decreasing XJ. 
When the length of the microscope is considerable, and a high 
power objective is used, u becomes practically equal ‘fb the focal 
length of the objective, with sign reversed. It thus becomes ap- 
parent that a compound microscope must comprise a short focus 
objective and a short focus eye-lens. 

Defects of Telescopes and Microscopes. — The optical ar- 
rangements described above suffer from various defects, partly, 
connected with the objectives, and partly connected with the 
eye-lenses. These defects arise, for the most part, from two 
causes : chromatic aberration and spherical aberration. 

The method by which a telescope objective is rendered com- 
paratively free from the defects due to chromatic and spherical aberra- 
tion has already been discussed (p. 95)- A low-power microscope 
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objective consists of a crown glass planb-convex lens— of which the 
plane face is turned toward the object so as to diminish spherical 
aberration — backed by a divergent lens of flint glass, designed to cor- 
rect the chromatic aberration. High-power microscope objectives are 
exceedingly complicated in structure ; one is represented in Fig. 54 
(p. 98). The plane face of the lower lens dips into oil, in which the 
object is immersed ; this lens exhibits strong chromatic aberration, 
which is corrected by the remaining lenses. Prof. Abbe discovered 
that, by slightly displacing some of these lenses with respect to the 
rest, a very perfect correction for chromatic aberration can be 
ensured. 

An eye-lens introduces defects, partly due to spherical aberration, and 
partly due to the chromatic differences in the spherical aberration 
(p. I 34 )' The manner in which these defects are minimised will be 
described later. 

We must now refer to a defect of an eye-lens arising from an 
entirely different cause. Rays diverge in all directions from 
each point of a natural luminous object ; but an image, such 
as that formed by the objective of an optical instrument, is 
formed by narrow pencils, and each point of it must be seen by 
means of a narrow pencil. The only points of the image which 
will be visible^ when the eye is in any gdven position, are those 
from which pencils can simultaneously penetrate the pupil of 
the eye. On glancing at Figs. loi, 103, and 104, it will be seen 
that the pencils from the extremities of the image are refracted 
through the peripheral portions of the eye-lens, in such positions 
that they could not simultaneously enter an aperture so small 
as the pupil, placed near the eye-lens. Thus, those parts of the 
image which are near the axis will alone be seen, and the field 
of view will be very limited. This defect is overcome by the 
use of a field lens. 

The Field-Lens. — Let OA (Fig. 105) represent the objective 
of an optical instrument, forming a real image, I. The object 
of which I is the imagm is not shown. Let the image I be 
formed in the principal plane of a lens F. This will make no 
difference in the dimensions of the imag'e finally seen, since no 
magnification occurs. On the other hand, the pencils, by means 
of which I is seen, will be deflected about their points of orig'in, 
in^ such a manner that they cross the axis near the second 
principal focus of F ; thus, pencils from all points of I can 
simultaneously enter the pupil of an eye placed near the latter 
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point. If an eye-lens E, of focal length equal to that of F, is 
placed with its principal plane passing through the second 
principal focus of F, the whole of the image I will be seen at 



Fig. 105. — Illustrates the Function of a Field-Lens. 


infinity. The combination of the lenses E and F is termed an 
eye-piece. F is termed the field-lens, since it enlarges the field 
of view ; E is termed the eye-lens. 

The two rays, shown as diverging from one extremity. A, of the 
objective, will, after refraction through F, converge toward a point a, 
which is the image of A. Similarly, 0 is the image of O, the opposite 
extremity of the objective, so that oa is the image of the objective formed 
by the field-lens. When the distance between the objective and field-lens 
is considerable, the image oa will be formed practically at the second 
principal focus ofE, i.e. in the principal plane of the eye-lens E. All 
rays from I will pass through the circular space enclosed by the 
image oa. 

Kellner’s Eye-piece. — This eye-piece consists of a combina- 
tion of lenses identical with that just described. The field and 
eye lenses are of equal focal lengths, and are separated by a distance 
numerically equal to the focal length of either. It has a very wide 
field, and is suitable for ufe with a microscope when wood- 
sections, &c., are being examined. Since the magnification is en- 
tirely produced by the eye-lens, the effects of spherical aberra- 
tion will be noticeable, the peripheral parts of the field being 
disproportionately magnified (Fig. 69, p. 130). Kellner’s eye-piece 
is achromatic in the sense that an ordinary magnifying glass is 
achromatic, i.e, the red and blue images are. not equal in size, 
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and are formed at diiferent distances from the eye, but both 
subtend the same angle at the eye (p, 197). Perfect achromatism 
may be secured by using a crown and flint combination, similar 
to an achromatic objective (p. 95) for the eye-lens. An 
important disadvantage of Kellner’s eye-piece arises from the 
circumstance that the image I [and the surface of the lens F 
are simultaneously in focus, so that smears or dust on the 
surface of the lens F are obtrusively visible. 

Bamsden’s Eye-piece. — In many instruments it is necessary 
to observe the coincidence of a point of the image with the 
intersection of cross-wires, or to measure the dimensions of the 
image by the aid of a scale in the eye-piece. Ramsden’s eye- 
piece was designed to meet these requirements. It consists of 
two lenses, of equal focal lengths, separated by a distance equal ‘to 
two-thirds of the numerical value of the focal length of either. 

Let F be the focal length of the equivalent lens (p. 74) ; thi.s may 
be termed the focal length of the eye-piece (Question 10, p. 158). 
Then, if ( -/) is the common focal length of the eye and field len.ses — 

2 2_ 4 

F = - 

4 

The equivalent lens must be placed behind the field-lens, at a 
distance from the latter equal (p. 76) to — 


/ 3 4/ 3 a-' 


Thus, the equivalent lens must be placed between the field and eye 
lenses. For an object to be seen at infinity, it must be situated at the 
first principal focus of the equivalent lens, or at a distance in advance 
of the field-lens equal to — 


^ -1=1 f 

4 2 

This is the position at which the cross-wires must be placed, and at 
which the image due to the objective must be formed (Fig. 106). 

In Ramsden s eye-piece the field-lens is less efficient than in 
Kellner’s arrangement, but the field is fairly wide. Chromatic effects, 
though not entirely absent, are not very obtrusive. In some cases 
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each of the lenses consists of a crown and flint combination, when 
chromatic effects are eliminated. Since the image is seen through two 
lenses, the deviation of a ray 
is produced in four incre- 
ments, each of which is 
small. Thus, the spherical 
aberration produced is small, 
and is further diminished by 
making both lenses plano- 
convex, their convex surfaces 
facing each other (Fig. 106). 

Consequently, the image seen 
is fairly free from distortion. 

'%:uyghens’s Eye-piece, — In designing this eye-piece, Huy- 
ghens sought to diminish the effects of spherical aberration 
as much as possible. To attain this end, he chose the focal 
lengths and positions of the field and eye lenses, so that each 
lens produces an equal increment of deviation in a ray initially 
parallel to the axis (compare p. 132). 

Let PiQ and PjR (Fig. 107) he the respective principal planes of the 
field and eye lenses. Let AB be a ray incident on the field-lens, 

in a direction paral- 
lel to the axis LM. 
The corresponding 
refracted ray BC is 
directed toward F, 
the second principal 
focus of the field- 
lens. Produce AB 
to E. Then it is 
ebvious that the de- 
viation produced by 
the field-lens is equal 
to t- EBC= ^ CFP2. 

Let the ray BC, incident at C on the eye-lens, give rise to a re- 
fracted ray CG, cutting the axis at G. Then the deviation produced 
by the eye-lens is equal to ^ FCG, and if the lenses produce equal 
deviations, CFG = / FCG, and therefore FG = CG. When the total 
deviation is small, PoG will be very nearly equal to CG, and therefore 
PgG = GF =P2F/2.“ 

Now the ray BC is directed toward the point F on the axis, and 
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Fig. 107. — Illustrates the conditions to be complied with 
by Two Lenses, in order that Spherical Aberration 
shall be minimised. 
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the corresponding refracted ray cuts the axis at G ; hence, it follows 
that the points F and G are conjugate foci with respect to the eye-lens, 
and if I’oF = then P2G = p =u[2. If is the focal length of the 
eye-lens — , 

I i _ I . . 

«/2 n ~ A ’ ' ‘ u~ 

n =A. 

Thus, F must he the second principal focus of the eye lens PjR. 
But F is also the second principal focus of the field-lens P^Q. Thus, if 
P^Pj, the distance between the lenses, is equal to d (a positive 
quantity) — 

d=-~¥P,-¥?.,^-A~{-A)=A-A. ... (I) 

This gives the condition that the field and eye lenses shall produce 
equal increments of deviation in a ray initially parallel to the axis. 

Huyghens arranged that the focal lengths of the field and eye 
lenses are in the ratio 3 : i, while the distance between them is 
numerically equal to twice the focal length of the eye-lens. Thus, 
if A = -A fi = - 3/ andr/ = - /-F3/ = if. 

The focal length F of the equivalent lens is given (p. 74) by — 

i- _L 

F~~3/"/ 3/" 3/’ 

F = - 2/ 

2 

The equivalent lens must be placed at a distance behind the 
field-lens (p. 76} equal to — 

3y 

F 2 d- 

y X 2 /= — X 2 /= 3 / 

Hence, the equivalent lens must be placed behind the eye-lens, 
at a distance 3/- 2/ = / from the latter. 

The first principal focus of the equivalent lens (or the first 
principal focus of the eye-piece) is at a distance 3//2-/= //2 
in front of the eye-lens. This point, which lies between the 
eye-piece lenses, gives the position at which the image due to 
the objective must be formed, in order that the final image 
may be seen at infinity. Thus, the image due to the objective 
must be formed on the negative side of the field-lens; for this 
reason Huyghens’s eye-piece is termed a negative eye-piece. On 
the other hand, Ramsden’s eye-piece is termed a positive eye-piece. 
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The image seen by the eye will be practically free from distortion, 
since the spherical alierration is exceedingly small. To still further 
decrease the efiects of spherical aberration, both lenses are generally 
made convexo^plane, the convex surfaces facing the incident rays 
(fig. loS). To obtain absolutely the best possible results, Airy 
recommends that the field-lens should be convexo-concave, its radii 
ol curvature being in the ratio 4 : n, the convex surface (which is 
the one most strongly curved) facing the incident rays ; the eye-lens 
should be bi-convex, its radii being in the ratio i : 6 (crossed lens, 
P' ^33)3 the more strongly curved surface facing the incident rays, 

_ It may be noticed that the image I (Fig. 108), due to the objec- 
tive, will be curved (p. 129), its radius of curvature being positive. 



Fig. 108.— Optical System of Huyghens’s Eye-piece. 


The field-lens forms a real image, midway between E and F. 
This image will be distinct, since each point of it is formed by a 
narrow excentric pencil refracted through a limited area of the 
field-lens. It will, however, be curved and distorted, its peri- 
pheral parts being disproportionately compressed (p. 131). 

The. image seen by the eye (not shown in Fig. 108, since it is 
formed at infinity), will be distinct but curved, its’ radius of 
cm vatuie being positive. Distortion is eliminated, since the eye- 
lens forms a magnified virtual image, its peripheral parts being 
disproportionately magnified, thus correcting the disproportion- 
ate compression of the peripheral parts of the image formed by 
the field-lens.' , : . • ■ 

If cross-wires are required to be used with Huyghens’s eye- 
jliece, they must be placed midway between the eye and field 
lenses, at the position occupied by the real image formed by the 
field-lens. Trustworthy measurements of the dimensions of 

P 
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Ihe oljjcct cannot be obtained by placing a scale, or movable 
cross-wires, in the position mentioned ; the scale would be seen 
only tlirougli the eye-lens, and the divisions remote from the axis 
would be disproportionately magnified. Ramsden’s eye-piece 
was designed to avoid this defect. 

Achromatism of Huyghens’s Eye-piece,— For reasons ex- 
])laincd on p. loi, an eye-piece composed of two simple lenses 
Ciin never be truly achromatic, since the red and blue images 
occupy different positions, and are unequally magnified. On 
the other hand, the effects of chromatic aberration will not be 
seriously prejudicial to an eye-piece if the red and blue images 
subtend eciual angles at the eye. In this case the eye-piece is 
achromatic, in the sense that 'an ordinary magnifying glass is 
achromatic. It was proved by Boscovich that Huyghens’s 
eyc-pioce is achromatic in this sense. 

'Fhe condition that the red and blue images formed by an eye- 
piece shall subtend equal angles at the eye may be investigated 

as follows. It will be 
evident, from an in- 
spection of the various 
figures in the pre- 
ceding part of this 
chapter, that the rays 
falling on the field-lens 
are all nearly parallel 
to the axis. This is 
due to the circum- 
stance that the ob- 
jective subtends only 
a small angle at the 
image which it forms, 
and this image is small ; thus each pencil is narrow, and only 
slightly inclined to the axis. Let AB (Fig. 109) be a ray 
of white light parallel to the axis, incident at a point B on 
the field-lens PiQ- Let the red refracted ray BC fall on 
the eye-lens P2P- ^.t a point C ; then the blue refracted ray 
BG will be more deviated, and Avill fall on the eye-lens at 
a point G, nearer to the axis than C. Let CD be the red 
ray emerging from the eye-piece, while GH is the corresponding 
blue ray. Produce DC to E, and HG to K. Let AB be a ray 



loQ Illu.strate.s the condition to be complied 

with by an Eye-piece, in order that the Red and 
Blue Images seen shall subtend Equal Angles at 
the Ea'O. 



X 


OPTICAL INSTRUMENTS AND APPLIANCES 


21 1 


proceeding toward the upper extremity of the image formed by 
the objective ; then the upper extremity of the red image formed 
by the eye-piece will be situated at a distant point on the line 
CE, and the upper extremity of the blue image will be situated 
at some other distant point on the line GK. ' Thus, if the eye 
is placed near D, the red image will subtend at it an angle, 
EDM, while the blue image will subtend an angle KHM. FOr 
the red and blue images to subtend equal angles at the eye, we 
must have EDM= i KHM, or the lines CD and GFI must be 
parallel Since the ray AB is parallel to the axis, the angles 
EDM" and KHM measure the resultant deviations produced in 
the corresponding red and blue rays, and thus we see that for aa 
eye-piece to be achromatic, in the sense defined above, red and 
blue rays, initially parallel to the axis, must be equally deviated. 

The blue ray is more deviated than the red ray at B ; the blue 
ray must be less deviated at G than the red ray is at C, a con- 
dition which is possible, since the point G is nearer than C to the 
axis of the eye-lens. , 

In Fig. 107, ^ CGP2 measures the deviation of the ray AB ; let 
us suppose that this ray is of a colour intermediate between red and 
blue. Let /j and be the focal lengths of the field and eye lenses 
for rays of this intermediate colour ; and let PgPi = d. Since the 
angle CGPg is supposed to be small, it may be measured by its 
tangent, i.e. ^ 00 ?^ = V^C/GP^- Let FJi = y. Then— 


Also — 


And- 


P^C/PiB =FP2/FPI=: (FPi - P^Pil/FPi. 

. . 1 .2C. - ^ . j y . 

" /i /i 


J[ I £ 

P.2G ~ p^F -J; 

-L = I + ' ^ ' =-6 ±A±J 

^^2.^ A fi + + d) ' 


^ CGPn = = 

GP., 




But, from p. 76, if F is the focal length of the lens ” equivalent ” 
to the combination considered — 


F A\A 

fx dr ^ -f f/ 


P 2 
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Thus, tlie deviation produced in the ray AB (Fig. 107) is equal to 
( - ylF). I'leturning to Fig. 109, we see that y (= 1 \B) has the same 
value for all of the coloured rays which jointly constitute the white ray 
AB. Hence, in order that :lhe coloured constituents of a white ray 
should suffer equal deviations in ]Dassing through the eye-piece, F must 
have the same value for rays of all colours. As prtn'ed on p. 100, this 
condition is satisfied if — 

(/l +/2)/2. . (2) 

In Huyghens’s eye-piece /i = 3/^ = - 2/, while /j = -f, and 
d — 2f. Therefore (2) is satisfied. i. 

It must be repeated that an eye-piece satisfying (2) has no 
advantage, so far as ordmary chromatic aberration is' co7icerneU, 
over a single lens used as a magnifying g-lass. But we have seen 
(p. 204) that a single lens cannot satisfy the conditions requi- 
site for an eye-piece Further, the image seen through Huy- 
ghens’s eye-piecCj unlike that seen through a single lens, exhibits 
scarcely, any colour near the edges of the field, since equation 
(i), p. 2o8, is satisfied-, spherical aberration is minimised, and 
therefore the chromatic effects of spherical aberration (p. 134) 
are practically absent. 

When the objective of an optical instrument is qyer-corrected for 
chromatic aberration, the blue image is formed at a greater distance 
from it than the red image. If this over-correction is properly 
adjusted, and Huygheiis’s eye-piece is iised^ it can, be arranged that the 
field-lens forms a blue image at .the principal focus of the eye-lens for 
blue rays, and a red image at the principal focus of the, eye-lens for red 
rays. In this case the instrument as a ivhote is achromatic in the wider 
sense, that all the coloured images are formed at infinity, and are ap- 
proximately equal in size. 

Hadley’s Sextant. — This is an instrument used in measuring 
the angle subtended, at the eye of the observer, by the line joining- 
two distant objects. By its aid sailors are enabled to measure 
the altitude of the suiij and thus to determine the latitude. 

The sextant consists of a rigid frame-work carrying two glass 
mirrors, M and N (Fig. i io)j and a telescope, T. The telescope 
is fixed, its axis being parallel to the plane of the paper ; it is 
provided with cross-wires and a Ramsden’s eye-piece. The 
mirror N, which is perpendicular to the plane of the paper, is fixed 
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with its surface inclined to. the axis of thC: telescope at an ang-le 
of 60°. I One half of the mirror N is isilVered, the remaining half 
being left clear. Through the clear part of N a distant object 
can be directly observed by the aid: of the telescope. The 
mirror M, perpendicular to the plane of the paper, is cdm- 
pletely silvered, and is capable of rotation about an axis perpen- 
dicular to the plane of 
the paper. Itis rigiqlly 
connected to an arm 
MV, which ends in 
a vernier, V, working 
over' a scale ; by the 
aid of this vernier, 
rotations of M can Ije 
accui’ately measured. 

When the arm MV 
lies along the lineiMO, 
the mirrors M and N 
are parallel. In that 
case a ray, AM, paral- 
lel to the axis, BT, of 
the telescope, and in- 
cident, at an angle of Fig. no.— Di-igrammatic Representation of 

30°, on M, is reflected Hadley’s Sextant. 

along MN, so as to be ■: 1 * 

incident on the silvered surface of N at an angle of 30°, whence 
it is reflected along NT, the axis of tire telescope. A ray, BT/, 
can also pass through the unsilvered surface of N, along the 
axis of the telescope. Thus, if the rays AM and BN proceed 
from a distant object, such as a star, two coincident images of 
this object ai'e. seen on looking through the telescope. 

■ If the anti MV is now turned thi-ough an angle OMV, the 
mirror M is rotated through the same angle. An incident ray, 
CM, is now reflected along MN, so as ultimately to travel along 
the axis of the telescope. If there is a distant object on the line 
MC produced, an image of this \yill Ire seen in the telescope, 
coinciding with the object seen directly along, TB. Produce 
CM to, cut the axis of the telescope in D. Then the two objects 
which give rise to coincident images in the telescope, subtend an 
angle CDB = CM A at the eye of the observer. , ; 
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It , can pasily be seen that CMA = 2 x ^ OMV. For, if we 
reverse the ray NT, it will follow the path NM, to be reflected 
along MA when -the arm lies along MO, and to be reflected along 
MC when the arm has the position MV, If i is the angle of incidence 
when the arm lies along MO, ^ NMA = 2i. Let OMV = 0 . Then, 
when the arm has the position MV, the angle of incidence of the ray 
NM must be equal to {z + 8), and / NMC = , 2 (/ + 6). Thefefore 

CMA = 20 = 2 X QMV. Accordingly, the scale of the instrument is 
divided into degrees, and each degree is numbered as two degrees. 

In observing the altitude of the sun at sea, the instrument is 
held in a vertical plane, the horizon line is observed directly 
along the line TB, and the arm MV is rotated until one edge 
of the sun’s disc, as seen in the telescope, coincides with the 
horizon line. One or 'more black glasses are introduced between 
M and N, to diminish the brightness of the sun’s image. On 
shore, where there is no definite horizon line, an artificial horizon 
is used. This is a vessel containing a liquid, generally mercury ; 
the angle subtended at the eye of the observer by the line 
joining the sun and its reflected image in the mercury, is then 
measured, and this is equal to twice the angular altitude of 
the sun. 

The Photographic Ohjetftive. — This is a system of lenses 
used to throw a real image on to the sensitised film of a photo- 
graphic plate. The rays most active in producing the photo- 
graph correspond to the violet end of the spectrum, while those 
which affect the eye most strongly correspond to the yellow and 
yellowish-green parts of the spectrum. Hence, in order that 
the image may be properly focussed by eye, it is necessary 
that the lens shall be corrected for chromatic aberration, the 
violet and yellow rays being brought to a focus at the same 
point. To attain this end, each component of the lens system 
consists of a convergent crown glass lens combined with a 
divergent flint glass lens. 

Spherical aberration must also be eliminated as far as possible. For 
landscape photography, a single compound lens, similar to Fig. in, is 
used, a diaphragm Avith a central circular aperture being placed in 
front of it. In this ca.se very sharp focussing is not necessary, and 
indeed is impossible, since the objects photographed are at very different 
di.slances. Further, a small amount of distortion will produce no 
very harmful effects. 
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For the photography of buildings, it is necessary to use a lens much more 
carefully corrected for spherical aberration, so as to avoid the distortion 
described on p. 131- Such a lens is 
termed orthoscopic or rectilinear ; it 
generally comprises two compound 
lenses separated by an appreciable 
distance, with a per- 
, forated diaphragm, 
or stop, interposed 
between them (Fig. 

I12). 



DIAPHRAGM 
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Fig. hi.— Objective for Land- 
scape Photography. 


The Magic 

Lantern. — From 

an optical point of ... * ► 

view, the magic lantern consists of a series oi 
lenses, arranged to throw on a screen an en- 
larged image of a photograph or drawing on 
Mass. The lens system Avhich forms the 
image on the screen {f, Fig. 113) is termed the 
focussing lens; it generally consists of^ two 
compound lenses separated by an appreciable 
distance, and is, in its more salient features, similar to a recti- 
linear photographic objective. The lantern slide .y is p ^ec 
between the focussing lens and the source of hgh . 1 


Fig. 113 . — Rectilinear 
Photographic Ob- 
jective. 
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source of light is gene- 
rally of small dimen- 
sions, and of the rays 
which radiate from- it, 
only those which pass 
through the centra, 1 
part of the slide would 
reach' the focussing 
lens, were it not for 
the condenser cc. The 
Tig. function of the con- 

denser is merely to 
deflect the more divergent rays from the source, so that, after 
passing through the peripheral parts of the lantern slide, they 
fall on the focussing lens, 
and ultimately on the 
screen. Thus, the con- 
denser enlarges the field, 
and plays apart similar to 
that of the field-lens in an 
eye-piece. Since the con- 
denser has nothing to do 
with focussing the image 
on the screen, it need not 
be corrected for spheri- 
cal or chromatic aberra- 
tion. It usually consists 

of two plano-convex lenses with their convex surfaces in contact. 

Reflecting Telescopes. — All reflecting telescopes agree in 

forming an image by 
means of a concave 
mirror of large radius 
of curvature ; they differ 
only in the method of 
observing this image. 
In Herschel’s telescope 
(Fig. 1 14), the axis of 
the mirror is slightly 
inclined to the Incident 
rays, and the image, I, is 
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thus thrown to one side of the axis, and observed directly by 
means of an eye-piece. In Newton’s telescope (Fig. 115), the 
image is thrown to one side, at right angles to the axis, by 
means of a small plane 
mirror, N, or a totally 
reflecting prism. In 
Gregory’s telescope 
(Fig. 1 16), the concave 
mirror is pierced with 
a small central aper- 
ture ; it forms an image> 

I, at a point on the axis 
between the centre of 
curvature and the prin- 
cipal focus of a small 
concave mirror, N, and 

a secondary magnified image is formed at F, which is viewed 
through the aperture in the large mirror by the aid of an eye- 
piece. Cassegrain’s telescope (Fig. 117) agrees with Gregory’s 
telescope in having a central aperture through which the final 
image is viewed, but the small reflector N is convex. 



Fig. 117. — Optical System of Cassegrain’s 
Reflecting Telescope. 


Reflecting telescopes can be made of mtich wider aperture than 
refracting telescopes. When used to view stars, spherical aberration is 
entirely eliminated by making the concave reflector in the form of a 
paraboloid of revolution (p. 43) ; chromatic aberration is, of course, 
once for all avoided. The image seen is not generally so bright as 
that obtained by a refracting telescope. The concave reflector is 
sometimes made of speculum metal, an alloy of copper and tin ; a 
better plan is to grind the concave surface in glass, and then silver this 
surface and polish it. The surface can then be repolished without so 
much fear of altering its form ; when necessary, the silver can be 
dissolved off by acid, and a fresh silvering and polishing can then be 
performed. 


Questions on Chapter X 


V 


I. A microscope is made up of an objective of ^ inch focal length 
and an eye-piece of i inch focal length placed 6 inches apart, A 
person uses it to look at a small arrow-shaped object, his distance of 
distinct vision being 8 inches. Where must the object be placed ? 

Draw a careful figure showing the successive images and the 
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complete course of the pencil lay which a point in the object is seen. 
(Lond. Inter. Sci. Hons. 1S94. ) 

2. Describe the construction of a refracting astronomical telescope, 
and .show, by means of a diagram, the course of a pencil of parallel 
rays during its passage through the in.strmnent. (A. 1897.) 

3. You are given two convex lenses of 23 inches and i inch focal 
length respectively. Explain how to arrange them to form a telescope. 
Draw a diagram .showing the passage of a pencil of ray.s from a distinct 
point through the instrument, and calculate its magnifying power when 
viewing a distant object. (A. 1897.) 

4. What is the usual arrangement of lenses in an achromatic object- 
glass for a telescope ? 

State the conditions, and discu.ss the question, of the achromatism of 
such lenses. (A. 1898.) 

5. Explain the principle of the opera-glass, drawing carefully the 
course of rays from a star through it, and into an eye. (A. 1891.) 

6. In a telescope 30 feet long, what would be the focal length of an 
eye-piece that would give a magnification of 500 diameters ? 

Explain the advantage of a telescope over a pair of simple sights for 
purposes of angular measurement. (Lond. B.Sc. Pass, 1898.) 

7. The object-glass and the eye-lens of a compound microscope are 
each I inch in focal length, and the distance between them is 9 inches. 
Draw a careful diagram showing the passage of a pencil of rays through 
the instrument, and calculate where the object must be to give distinct 
vision to a person with normal eyesight, (A. 1 898. ) 

8. Explain the condition which must be fulfilled for (i) an object- 
glass, (2) an eye-piece, to be achromatic. Give a carefully drawn 
diagram .showing the passage of a pencil of rays through an achromatic 
eye-piece. (Lond. B.Sc. Pass, 1894.) 

9. Describe, and point out the respective merits of, Ramsden’s and 
Huyghens’s eye-pieces. (H., L, igoi.) 

10. Describe a sextant, and explain how it enables one to measure 
the angle subtended, at the observer’s eye, by two objects. (Lond. 
B.Sc. Pass, 1899.) 

Practical 

1. Arrange the two given lenses to form a microscope, and calculate 
the position and size of the image of a small object looked at through 
the arrangement adopted. Draw a careful figure to scale. (Lond. 
B.Sc. Pass, 1894 and 1899.) 

2. Select two of the given lenses and arrange them to .form a 
microscope to magnify the given .small object. Sketch the arrangement, 
showing the path of the rays from the object to the eye, and the 
position of the image. (Lond. B.Sc. Pass, 1S99.) 


CHAPTER XI 


VELOCITY OF LIGHT 

Introductory. — Between the emission of light from u 
luminous source, and its arrival at a point at a moderate 
distance from the same, the interval of time is so short that the 
propagation of light appears to he instantaneous. Galileo 
attempted to determine the velocity of light in the following 
manner. Two observers were stationed at a considerable 
distance apart, with lamps which could be covered up. One 
observer uncovered his lamp, and the second observer uncovered 
his as soon as possible after seeing the light from the first 
observer’s lamp. If this latter operation could be performed 
instantaneously, the interval of time, noted by the first observer, 
between the uncovering of his lamp and the observation of the 
light from the lamp of the second observer, would give the 
time required for light to travel over twice the distance between 
the observers. The velocity of light is, however, very great, 
and the time it requires to travel over any terrestrial distance 
is consequently so small, that observations of this kind lead to 
no trustworthy results. 

Romer’s Method. — Astronomical observations of Jupiter’s 
satellites shbw that while the earth, in its orbital motion, is 
receding from Jupiter, the mean period between two successive 
eclipses of a particular satellite is longer than that which 
elapses when the earth, in its orbital motion, is approaching 
Jupiter. Romer explained this anomaly on the principle, that 
when the earth is receding from Jupiter, the light from a 
disappearing satellite has to travel a greater distance at each 
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successive disappearance. He also obtained the first trust- 
worthy value for the velocity of light. 

Jupiter has five satellites, which revolve in periods lying between ' 
II h. 58 m. for the satellite nearest to the planet, and 16 cl. 16 h. 32 in. 

1 1 s. for the most remote satellite. The time of rev'olution is measured 
Iietvveen successive passages of a satellite through the straight line 
joining the centres of the Sun and Jupiter. Since the .satellites revolve 
in orbits nearly parallel to the plane of Jupiter’s orbit, each satellite, 
once in every revolution, enters the shatlow cone thrown by Jupi- 
ter, and so becomes 
eclipsed. Jupiter it- 
self completes one 
revolution round the 
Sun ill 1 1 '86 years. 

V Romer’s method of 
; determining;, the ve- 
locity, of Jight from 
^ observations, , 0,11 the 
^eclipses , of Jupiter’s 
isatellites , will be. un- 
derstood on' referring 
to' Fig. 1 18. ' At a 
certain period' in' the 
earth’s annual revo- 
^ j lution,' the earth 
aiid , Jupiter' J^ will 
be' in , conjuHGtion. 
Let us ,‘ suppose that 
one of Jupiter’s satel- 
■ lites disajipears in the 

, I ; , , , shadow of the planet 

when, the latter is at J^. If light were transmitted instantaneously, , the 
actual eclipse, and the observation of the same on the earth at Ej, would 
occur simultaneously.. But the light leaving the satellite at the instant of 
its eclipse has to travel over a distance J^ Ej before reaching the earth. 
Let R and r be the respective radii of the orbits of Jupiter and the 
earth." Then JjEi — (R — r), and the time required by light, travelling 
at a Velocity V, to cover this distance, will be equal to (R - r)/V. 
Thus, the eclipse of the satellite will be observed oh the earth ( R - r) / V 
seconds after its actual occurrence; ’ 

After the lapse of 0'545 of ,a yeari the eartlr Eg and Jupiter Jij will be 
iin opposition. Let .the, «th ecliiise of the same satellite occur at this 
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time. This will he observed on the earth, (J2'E2)./'V = (R -I- r)l_Y.- 
seconds after its actual occurrence. If /'is ithe period of revolution of 
the satellite, the time which' has actually elapsed between the first and, 
the «th eclipse will be equal to (;/■ - i)./, and the time 1\ which has . 
elapsed between the observations of the.se eclqxses on the earth 'will be., 
equal to {[n - i)t + (R + r)/V - (R - r)/Vj- = {(« - i)t + 2;7V}.' 

. After another period equal to o‘545 year the earth' and' Jupiter will 
once more be in conjunction at E/ and J|. In this j^eriod {-it - i) ■ 
revolutions of the satellite will have been completed, and n eclipses 
will have occurred, the first when the earth and J uiDiter were at Ej and 
Jg, and the last when the earth and Jnjfiter were at Eg^'and Jp. 'The'- 
■first eclipse’ was observed (R + r) /Y seconds after its actual occurrence, ' 
and the last (R - r) jY seconds after its actual occurrence. Hence the" 
period, Tg, between the observations of the, first and last eclipses will be 
{(;/ - l)/ - (R + r) jY + (R - r) jS^] = ((71 — i)/ - 2 r/ V) .secs. 

Rdmer measured Tj and Tg, and found that Tj^ - To = 33 niins. = ’ 
iqSo'secs. ButT^ - Tg = {(« - l)/ + 2r/V} - {{n - I) / - 2r/Y} = 
4r/V. ' . ^ ■'■ 

.4;- ! : 


V^=i98o; 




1980’ 


AsAuning.r, the mean distance between sun and earth, to be 92 -8 x ib'’ 
miles, we find that V = 187,000 miles per second, or about 301,000,000 
metres per .sec. 

It will be noticed that this method involves the' determination of the’ 
time required for light to travel across the earth’s' orbit, a distance of- 
195 ’6 X lo” miles. The time required for this journey is i6’5 mink 

Aberration of , Light.— Let us suppose that a shot is fired at, 
right angles into a ship 
(Fig-. 1 19). If the ship is 
stationary, the 'Shot, if it 
passes through the ship, 
will leave it at a point as 
far behind the bow as that 
at which it entered. But 
suppose that, in the period 
required for the shot to 
travel from one side of 
the ship 'to '’’the other, FiO. iig.—To explain the Aberration" of 
the’ ship lids' rnovXd bn’ ’ ■ ■ ■' '' V; ..t 

through a definite distance. Let' AB (Fig. 119) be the position' 
of the ship tvhen the shot strikes it, and let A'B' he its position 
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when the shot leaves its opposite side. Then the shot enters the 
ship at a point distant a from the bow, and leaves it at a point 
distant i from the bow, where l> >a. Thus, to an oljserver on 
the ship, the shot will appear to have travelled in the direction 
CD, which is the line joining the two holes made by the shot. 

Let V be the velocity of the shot, while u is the velocity of the sliii^, 
at right angles to the true path of the .shot. Let a time t be required 
for the shot to pass through the ship, (supposing that V meanwhile 
remains constant). Then [> - a => vt, and the distance traversed by 
the shot, parallel to the direction of its absolute motion, will be Vt. 
Thus, if 0 is the angle of inclination between the apparent and true paths 
of the shot, tan B := vf j Yi — v jV. 

When light reaches us from a star, the apparent direction 
of its course will be affected by the motion of the earth. If v 
is the velocity of the earth at right angles to the direction of the 
incident light, which travels with a velocity V, the apparent 
direction of the light rays will make an angle 6 with their true 
direction, where tan 6 — v\Y. 

The orbital velocity of the earth is about o'oooi times the velocity of 
light, and the dii-eclion of the earth’s motion is continually changing. 
Thus, the earth is moving in diametrically opposite directions at the 
.spring and autumn equinoxe.s. On observing the position of a star- 
near the zenith at these times, it will be seen to occupy different 
posiltions with respect to the horizon, since the apparent paths of the 
light will be inclined equally on opposite sides of the true path ; this 
follows from the circumstance, that if at the spring equinox, tair 9 — V, 
at the autumn equinox tair 9 =■ - v jY. 

This variation in the apparent position of a star, due to the 
motion of the observer with the earth, is an example of an 
extensive series of phenomena classified under the head of the 
aberration of light. From observations of the appareirt posi- 
tions of a star at different times of the year, Bradley deter- 
mined the velocity of light in terms of the known orbital 
velocity of the earth. The value he found was 308,300,000 
metres per second. 

Fizeau’s Experiment. — The first determination of the velocity 
of light, in terms of measurements confined to the surface of the 
earth, was effected by Fizeau in 1849. The general principle of 
his method was to emit light from a small aperture which was 
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opened nnd closed many times a second, and to reflect this 
light back, after it had travelled a considerable distance, to the 
point from which it started. If light were transmitted instan- 
taneously, it would always, no matter how far it had travelled, 
be able to enter the aperture from which it had emerged. 
But if, on the other hand, light is transmitted with a finite 
velocity, and the closing of the aperture' is properly timed, 
then after travelling to and from a point at a sufficient dis- 
tance, the returning light will arrive only to find the apertux'e 
closed.- The resemblance to Galileo’s method is sufficiently 
evident; but in view of the great velocity of light, it is obvious 
that purely mechanical means must be used to open and close 
the aperture sufficiently quickly. 

Fizeau’s apparatus is represented diagrammatically in Fig. 120. 
A pencil of light from a source S traverses an achromatic sys- 
tem of lenses, and, after reflection at an angle of 45"’ from a glass 



Fig. 120. — Fizeau’s Experiment. 


plate with plane and pai'allel faces, converges to a focus at F. , 
The point F is the principal focus of the achromatic object- 
glass of a telescope, so that the light from the image at F, after 
traversing this object-glass, is rendered parallel. It then travels 
a considerable distance (3 or 4 miles} and falls on an achromatic 
lens L, and is once more brought to a focus, this time on the 
surface of a concave mirror R. The centre of curvature of this 
mirror is at the centre of the lens L ; thus, the central ray of the 
convergent cone, formed by refraction through L, will always 
fall normally on the surface of the mirror, even though its direc- 
tion should be inclined to the axis of the mirror. The light, 
after reflection 'at R, will again be rendered parallel by refrac- 
tion through L, and will finally form a real image at F. This 
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image is viewed through the glass plate, by the aid of an eye- 
piece E, 

A toothed wheel is arranged so that, as it rotates, its teeth pass 
one after anotheiythrough the point F, Thus, the light passing 
through F is alternately intercepted by a tooth, and allowed to 
pass between two teeth. When the wheel is rotating slowly 
the lig-ht from S which has escaped between two teeth, will have 
sufficient time to travel to R, to be reflected back, and to form 
a real image at F, before the wheel has sensibly moved. Look- 
ing thiough the eye-piece E, a flickering luminous image will be 
seen ; if the images at F succeed each other more than 8 or lo 
times a second, the flickei-ing ceases, owing to the persistence 
of visual impressions. _ Now let the speed of the wheel be 
increased. At a certain speed the light from S which has 
escaped between two teeth, and after reflection at R, has- re- 
turned to - F, will be intercepted by a tooth which has in the 
meantime moved through a distance ecpial to half of that 
between two teeth. In these circumstances the image previously 
seen through the eye-piece will disappear. If the speed of the 
wheel IS known, the time required for a tooth to move throuo-h 
this distance will also be known, and since the light has, in this 
time, travelled from F to R and back again, the velocity of light 
becomes known. 

, If the speed of the wheel is still further increased, the light 
from S which has escaped through a space between two teeth 
will form an image in the next space, so that the luminous image 
reappears. ^ At a still greater speed, the returning light will 
oilce more be intercepted by a tooth, the latter having moved 
11 ough one and a half times the distance between two teeth 
from F to R and back again. In a 
woi , t e uminous image appears and disajipears periodically- 
as the speed of the wheel- increases. 

Experimenting in the manner described, Fizeau obtained 
315,000,000 metres per second as the velocity of light. 

Advantages and Disadvantages of Pizeau’s Method.— 

Advantages.— (I) The principle of the method' is quite straight- 
juStiird involves no assumptions which cannot be readily ' 

imatl seen through the eye-piece corresponds exactly to the 

image of S originally formed at F. 
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Disadvantaghs. — (i) The light from S is greatly weakened by 
reflection at the glass plate, so that the image seen through the eye- 
piece is very faint. 

(2) The light from S, when intercepted by a tooth, is reflected back 
toward the eye, so that there will be a certain amount of general 
illumination in the field of the eye-piece. Tins can be avoided liy 
bevelling the teeth so that the light is reflected toward the side of the 
telescope. 

(3) As the speed of the wheel is increased, some time will elapse 
between the disappearance and the reappearance of the image. Thus, 
the particular speed at which the returning light is intercepted by the 
middle of a tooth is uncertain. 

Improvements on Fizeau’s Method. — Between 1874 and 187S 
M. Cornu repeated Fizeau’s expeidment with greatly improved 
apparatus. The rotations of the wheel were automatically recorded, so 
that its speed at any instant could be determined with accuracy. 
Observations were made of the speed of the wheel when the brightness 
of the image fell to a certain value, and again when, after disappearing, 
it reached the same value. Thus, disadvantage (3) above was overcome. 
The distance FR (Fig. 120) was increased to about 15 miles. Cornu’s 
final results indicated that the velocity of light lies between 300,100,000 
and 300,700,000 metres per second. 

In 1880-1, Young and Forbes introduced some novel features into a 
repetition of Fizeau’s experiment. To overcome disadvantage (i), the 
.surface of the glass plate on which the light from S (Fig. 120) is 
incident, was silvered and polished, a small aperture being left through 
which the image at F could be viewed. The teeth were bevelled, so 
as to overcome disadvantage (2). The parallel pencil leaving the 
telesdope fell partly on the collimator LR (Fig. 120), and partly on a 
similar collimator L'R' placed behind, and slightly to one side of, LR. 
The distances FR and FR' were in the ratio of 12 to 13. Twm 
small luminous images were seen near to each other at F, and as the 
rays forming these had travelled different distances, they did not 
vanish simultaneously. Observations of the speed of the wheel were 
made when the two images were equal in brilliancy. The value found 
for the velocity of light was 301,382,000 metres per sec. 

It was noticed that as the speed of the wheel increased or diminished, 
the image which was increasing in brilliancy was blue, while that 
which was diminishing in brilliancy was red. Young and Forbes 
concluded that the blue rays of the spectrum are propagated at a 
velocity about i ‘8 per cent, greater than the red rays. This conclusion 
is at variance with the results obtained by all other experimenters. If 
it were correct, one of Jupiter’s satellites would appear to be red at the 

0 . 
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l)een used in most cases where a small mirror lias been required to 
rotate at a high speed, The deflection, a a', of tlie image only amounted 
to 07 mm., Init this small deflection was partially compensated for by 
the circumstance that, owing to the perfection of the design of the 
optical arrangements, a perfect image of the aperture was obtained. 
As a consequence, a vertical cro.s.s-wirc stretched acro.ss the luminous 
a]mrture at S v-as clearly reproduced in the image, and the motion of 
tlii.s was mea.sured by means of a micrometer eye-piece. The cross- 
wires ol the micrometer could be set to within o’oo5 mm., so that the 
error of measurement amounted to 1/300, nr at most to 1/150. Thus, 
1 ' oucaull s results were not of the highest degree of accuracy. His value 
for the velocity of light was 298,000,000 metres per second. 

The most important advance effected by Foucault was his 
] 5 ioof that light travels more slowly in water than in air. He 
placed a long tube fillecl with water between R and M (Fig. 121), 
and found that the deflection a a' of the image was thereby 
increased. Thus, the introduction of the tube of water had 
a sirnilar effect to increasing the distance RM. 

Criticism of the Fizeau-Foucault Methodi.~M. Cornu has 
pointed out that the trustworthiness of the value of the velocity 
of light, as determined by the aid of a rotating mirror, depends 
on the truth of two assumptions, which imply an intimate know- 
ledge of the nature of light. 

, These assumptions are : — 

(1) I he laws of oblique reflection, from a mirror moving with 
a velocity small in comparison with the velocity of light, are the 
same as for a stationary mirror. 

(2) The laws of reflection of rays, forming a real image which 
itself moves transversely to the direction of the rays, with a speed 
more or less comparable with that of light, are the same as if the 
image were stationary. 

With legal d to (2), it will be remembered that the image 
formed on the surface of M is moving across that mirror 
with a very great velocity during the period when reflection 
occurs. 

Disadvantages of the Fizeau-Foucault Method.— An im- 
portant dj-av/back to the Fizeau-Foucault method of determining 
the velocity of light lies in the circumstance that if, in order to 
inciease the deflection of the resultant image, we increase the 
distance RM (Fig. 121), the brightness of the image is corre- 
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sponclingly diminished. This is evident, if we notice that during 
a quarter revolution of R, the image which sweeps across M 
travels round a semicircle through a distance equal to nr, where 
r = RM. Thus, light will only be returned from M during a 
small fraction of the time required for a rotation of R. This 
fraction has the value a/qn-r, where a = the breadth of the 
iniiTor M. Consequently, the brightness of the image when R 
is rotating, is to its brightness ivhen R is stationary, as a is to 
47rr. If r is increased, the brightness of the image formed by 
reflection from the rotating mirror is obviously diminished. 

There is no corresponding disadvantage in the employment 
of Fizeau’s rotating wheel method. In this case an increase in 
the distance through which the light travels makes no difference 
in the brightness of the image, except in so far as the light is 
absorbed by the atmosphere. M. Cornu increased the dis- 
tance FR (Fig. i2o) from 8,633 metres (the distance used by 
Fizeau) to 22,910 metres. Experiments are in course of execu- 
tion at the Nice observatory with FR equal to 40,000 metres 
(nearly 25 miles). 

Michelson’s Method.—Professor Michelson has effected a 
re-determination of the velocity of light by the aid of a rotating 
mirror ; by an ingenious modification of the Fizeau-Foucault 
optical system, he has been able to increase the distance RM 
(Fig. 121) to 600 metres, the deflection of the resulting image 
amounting to 1 33 mm. The most important alteration introduced 
was the transference of the lens L, from between S and R, to a 
position between R and M. In this way the brightness of the 
final image is rendered almost independent of the distance RM. 

The advantage of this modification can be explained by reference to 
Fig. 122. Two positions of the rotating mirror R are there shown ; 
the construction for the images Ij and I,, due to reflections of S in R 
when in these positions, is similar to that explained on p. 25. Let L 
be the position of the lens between R and M, and let / be its first 
principal focus. Then, if the lines Ij/ and L/ produced cut the 
rotating mirror and the lens L, they will represent rays diverging from 
/, and will consequently, after refraction through L, be reduced to 
parallelism with the axis of L. The images formed by this refraction are 
obtained by drawing straight lines from Ij and L, through the centre of 

L. Let these images be formed on opposite edges of a concave mirror, 

M. If the aperture of the lens L is sufficiently wide, it is clear that 


V 


UGHt ]^0R STUDENTS 


CttAl*. 


^30 


the light reflected from the rotating minor will reach M, whenever the 
image of S in R lies between Ij and (Fig. 122). 

Now, during a quarter revolution of R, the image of S in R describes 
a semicircle, _ with radius RS = r/ (say). Let the distance 1,1., = 

1 hen light will reach M during a fraction of the time of a complete 
1 evolution of R, equal to a/47rrf. This fraction will also represent the 



iiG. 122. -Illustrates the advantage of Michelson’s Method. 


ratio in which the brightness of the final image is reduced by setting R 
in rotation. ^ ^ 

^ Let ^ be the breadth of the mirror M. Then it is evideni 

Lhrouch\^^'‘'S^^" line I, L, equal in length to «, forms, by refraction 
through L, an image of length equal to 0 . Consequently 0 /a gives the 
nmgmfication of the hue 1,1, by the lens L. Also, if the first focal 
distance of L is equal to /„ while the distance betw en I, or L aifd L 
IS equal to u, we have (p. 72}— ^ ^ ^ ^ 


« = ^ . lLl/\ 
fl 


« u 
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Therefore, the ratio in which the brightness of the final image is 
reduced by setting R in rotation, is equal to — 

u -/i jQ 

A ’ W- 

Consequently, keeping ^ and d constant, the brightness of the final 
image will remain unaltered if we increase u and/j in the same propor- 
tion, so as to keep {u - fi)/A constant. But, if we increase u and/] in 
any ratio, v, (which will be equal in this case to the distance LM) will 
be increased in the same ratio. Thus, liy using a lens of sufficiently 
long focus and a sufficiently wide aperture, placed at a suitable distance 
from R, we can increase the distance RM as much as we please without 
diminishing the brightness of the final image. 

An increase in d will obviously diminish the brightness of the final 
image ; on the other hand, with a given speed of rotation of the 
mirror R, and a given distance RM, the line SS' (Fig. 121) will sub- 
tend a constant angle at R, so that the distance between S and S' will 
increase with an increase in the value oi d (= RS). 

Ill Miclielson’s e.xperiment, the souixe S was a narrow vertical 
slit illuminated by sunlight. The lens L (Fig. 122) had a focal 
length of 150 feet and was placed between R and M, at a dis- 
tance of about 135 feet from R. The distance between S and R 
was 30 feet, while that between R and M was 2,000 feet. It 
will be seen from Fig. 122, that, for a ray passing centrally 
through L to be reflected back along its previous path, M 
must be a concave mirror with its centre of curvature at the 
centre of L. This is the condition that the final image shall 
be an exact reproduction of the source S. In view, however, 
of the difficulty of correctly shaping a concave mirror with a 
radius of curvature as great as 1,865 feet, Michelson used a 
plane mirror 7 inches in breadth, at M. As a consequence, the 
final image was not an exact reproduction of S, but was broader 
and slightly' undefined. In this case a vertical cross-wii'e, 
stretched across the aperture at S, would riot be seen in the 
final image. To compensate for this indefiniteness, however, 
Michelson obtained a deflective of the final image amounting to 
133 mm., instead of 07 mm. as obtained by Foucault. The 
glass plate used by Foucault (Fig. 121) was dispensed with, 
the deflected image being directly observed by the aid of a 
telescope placed towards one side' of S. The mirror, which was 
polished only on one side, was driven by an air turbine at a 
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speed of 256 revolutions per second. Its speed was regulated 

earned by the prong of a vibrating tuning fork, so that the 

"" telescope. When the beam of 
light fell on the mirror earned by the tuning fork, at intervals 
exactly equal to the period of vibration of the latter, the spot 
o light seen in tlie telescope appeared stationary (p. 177). 
Accoiding to Michelson’s determination, the velocity of light 
hes between 299,793,000 metres per second, and 299,913,000 
metres per second. 

_ There was no sign of the observed image being drawn out 
into a spectrum, as would be the case if the velocity ofli<dit 
varied with the colour of the latter. ^ 

Newcomb, with the aid of 
Michelson,^ has made a further determination on the same 
general principles. He increased the distance RM to over 
13,000 feet, and used a mirror which could be rotated in 

dSrf^i means the final image was 

deflected first to one side, and then to the other, of S, and the 
diyance to be measured was doubled. The mirror comprised four 
leflectmg surfaces, forming faces of a cube ; thus the bright- 
ness of the image was further increased fourfold. Newcomb’s 

inS ■ 'f'" ! ^ ^'es between 299,830,000 

^es pel second, and 299,890,000 metres per second. 

ost Probable Value of the Velocity of Light— The two 

'Teteimmations of the velocity of light, which make the greatest 

Ne,vco'r"Tl''“"’ '’f Cornu, and Michelsou and 

iNencOddib. The respective values obtained are 

■■ ± 

a,ul Newcomb .... 299.860,000 ± 30,000 , 

7 5} yj 

Newcomb's value lies 
tside the limits given by Cornu, being slightly smaller The 
geiieml agreement is very good, but the quesfion rais™ 

does the true velocity of light lie between the compaS; 
na row limits given by Michelson and Newcomb .> -XhTs po m 
has^ been discussed by M. Comti,> In his opinion, ,L “m 

tome ii!, p. 235. Luinieie, Rapjiorts present's au Congres International, 
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ceitainty of the truth of the assumptions mentioned on p. 228 
must be taken into account in this connection. In answer to 
this criticism, it may i-eadily be admitted that the accuracy of 
the rotating mirror method depends on the truth of the 
assumptions specified ; but, on the other hand, the present 
state of our knowledge of the nature of light appears to justify 
these assumptions.^ 

The Corpuscular Theory of the Nature of Light.— In the 

speculations of the ancients (such as Plato and Aristotle), light 
was considered to be merely a property of the eye, which 
virtually had the power of throwing out invisible tentacles, 
thus becoming cognisant of the nature of distant objects. It is 
unnecessary to criticise such speculations in detail ; the art 
of photography, and many experimental investigations, have 
proved that the effects of light may be detected by methods 
which do not depend on any property of the eye. 

According to the corpuscular theory, light consists of a 
swarm of material particles moving at a great speed • these 
particles are supposed to be emitted by a luminous body, very 
much as shots may be fired from a gun. Their mechanical in> 
pact on the retina produces the sensation of light. They move 
in straight lines as long as they continue to travel through 
interstellar space, just as a projectile would do in similar 
cucumstances. On approaching to within a certain very small 
distance from the surface of a material medium, the path of theA 
luminous corpuscle is modified. 

The nature of this modification varies according as the 
coipuscle is in a condition favourable to reflection or transmis- 
sion. In the former case it experiences a repulsion normal to 
the suiface, so long as it remains within a certain very small 
distance from the latter. If we resolve the velocity of the particle 
into components respectively perpendicular and parallel to the 
surface, the repulsion first neutralises and then reverses the 
perpendicular component, while leaving the other component 
unaffected. Thus, in the immediate neighbourhood of the 
surface^ the path of the corpuscle is curved (Fig. 123). 
The initial and final paths of the corpuscle are rectilinear, 
and are equally inclined to the normal to the surface. 

p ^7^0*^ Abenation Problems, /'/«?. Trans, vol. 184 (1893) A., 
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If, on approaching tlie surface, the corpuscle is in a con- 
dition favourable to transmission, it experiences an attraction 
I toward the more refracting medium. Let the path of the 

I corpuscle be as represented in Fig. 124, the lower medium 

I being the more refracting; then the component velocity of 

. the corpuscle, perpendicular to the surface, will be increased 

; as it passes through a thin layer bounded by two planes 

I parallel to, and on opposite sides of, the surface, while the 

: component velocity parallel to the surface remains unaffected. 

_ After travei-sing the layer mentioned, the velocity of the cor- 

; puscle experiences no further change. Thus, if z and 7' are the 

. angles which the initial and final paths make with the normal to 



|| Fig. 123.— -Reflection of Light, Fjg. 124. — Refraction of Light, 

I on the Corpuscular Theory, on the Corpuscular Theory. 

I the surface, and if v and v' are the respective velocities in the 

II upper and lower media, then v sin i will be the component 

i| velocity parallel to the surface before refraction, and v' sin r will 

II be the corresponding value after refraction. Thus, 

I ■y sin z = v' sin and sin zysin r = v'jv. 

I . . 

l| Thus, the ratio of the sines of the angles of incidence and 

I refraction will be constant, in accordance with Snell’s law. But, 

Ij since the ratio is greater than unity when light is refracted 

I from a rarer to a denser medium, the ratio v’jv must be greater 

than unity, and in the denser , {more refracting) medium the 
: velocity of light -must be greater than in the rarer medium. 

I Thus the corpuscular theory of light involves an essential 
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condition which can be tested experimentally. As we have 
seen, Foucault proved that light travels more slowly in water 
than in air. From the moment of the completion of Foucault’s 
experiment, the corpuscular theory became untenable. 

In order to account for the simultaneous reflection and refraction of 
light, Newton assumed that at the surface of separation of two media, 
the luminous corpuscles are subject to “fits” of easy reflection and 
easy transmission. To explain these fits, he asked “when a ray of 
light falls on the surface of a pellucid body, and is there refracted or 
reflected, may not waves of vrbrations, or tremors, be thereby excited 
in the refracting or reflecting medium at the point of incidence and 
continue to arise there, and to be propagated from thence .... and 
are not these vibrations propagated from the point of incidence to great 
distances ? And do they not overtake the rays of light, and by over- 
taking them successively, do they not put them into the fits of easy 
reflexion and easy transmission described above ? For if the rays 
endeavour to recede from the densest part of the vibration, they may 
be alternately accelerated and retarded by the vibrations overtaking 
lhem.”i 

Fundamental Conditions to be complied ‘vtrith by a 
Theory of the Nature of Light.— To account for the pro- 
perties of light, it must be remembered that, besides exciting 
the sense of vision in the eye, it may, when absorbed by a 
body, produce a rise of temperatui-e.^ Since heat is a form of 
energy, the propagation of light must be accompanied by a 
transference of energy. If the luminous corpuscles mentioned 
above possessed the property of inertia, then, when moving with 
a definite velocity, they would possess energy. Light reaches 
us fiom the stars, so that the existence of a mutevial medium 
through which it may be propagated is not necessary. Light 
is propagated in approximately straight lines, with a definite 
velocity, the value of this velocity for propagation in transparent 
material media being less than in a vacuum. At this point the 
coi'puscular theoiy breaks down. Our only alternative is to 
inquire whether light may not be the result of movements 
transmitted through some non-material medium which pervades 
all space. If this medium is endowed with the property of 
inertia, then the transmission of any movements through it will 

j f^iicks, fourth edition, 1750, book iii., query 17, 

^ Heat /or Advanced Students, p. 437. 
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be accompanied by the transmission of energy. In framing an 
hypothesis as to the nature of these movements, analogy with 
the transmission of sound through a gas suggests that they may 
be of the nature of vibrations or waves. On the other hand 
sound is not transmitted in straight lines ; it can reach us when 
the position from which it originated is hidden from sight, say 
by an intervening building. This objection was considered by 
Newton to be fatal to the wave theory of light. However, it 
is now known that sound waves of very high frequency are 
propagated with a rough approximation to a rectilinear path. 
Thus, a hand placed some distance in front of the ear will 
appreciably screen off a very high note, such as that from a 
high pitched whistle. Before deciding against the wave theory 
of light, it consequently becomes necessary to inquire whether 
waves of excessively high frequency may not be propagated 
rectilineaiiy ; and further, whether, as a matter of fact, light 
is propagated, in all circumstances, in perfectly straight 
lines ? These points will engage our attention in the ensuing 
chapters. 

Questions on Chapter XI 

1. Describe and explain the method of determining the velocity of 
light from observations on Jupiter’s satellites. {A. 1897.) 

2. How has the velocity of light in interplanetary space been 
measured? (A. 1892.) 

3. Flxplain the phenomenon of the aberration of light, and describe 
the apparent motions of the stars, which are due to it. (A. 1893.) 

4. Describe fizeau’s method of measuring the velocity of light. How 
would the appearances seen during the expei'iment be changed, if light 
of different colours travelled through air with different velocities? 
(A. 1894.) 

5. Explain carefully some one experimental way of measuring the 
velocity of light, (Lond, Inter. ScL. Pass, 1899.) 

6. The true velocity of light being known from terrestrial experi- 
ments, explain how observations of the eclipses of Jupiter’s satellites 
could be used to determine the diameter of the earth’s orbit. 


CHAPTER XII 


VIBRATIONS AND WAVES 

Composition and Eesolution of Displacements. — When a 
body is moved from one position to another, the straight line 
drawn from the initial to the final position is termed the dis- 
placement of the body. It follows that a displacement is a 
distance measured hi a definite di- 
rection j its description involves a 
numerical magnitude, together with 
a specification of the direction of 
measurement. -More generally, any 
measurement which involves, not 
only a magnitude, but a direction, 
is termed a vector, or directed 
quantity. 

Let the vectors OA, AB (Fig. 

125) indicate,- in magnitude and 
direction, two successive displace- 
ments of a body initially at O. 

Then the resultant displacement of the body is equal to the 
vector OB. Ln other words, the two successive displacements 

OA and ^ are equivalent to the single displacement OB. 

Thus, we may write DA + AB = OB. 

We may, however, proceed in a different manner. Let us 
displace the body from O, first along OA, through the distance 
Oa^, equal to OA/n, where n is any number ; and then through 
afii, which is equal to AB/??, and is measured parallel to AB. 
These two successive displacements are equivalent to -the single 



Fig. 125. — Composition of 
Displacements. 
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displacement If we next displace the body through the 

distance parallel to OA and equal to OA/n ; and then 
through the distance parallel to AB and equal to AB/n, 
the body will have arrived at Repeating this proce- 

dure until n displacements, each equal to OA/n, have been 
effected parallel to OA, and an equal number of displacements, 
each equal to AB/??, have been effected parallel to AB, it is 
evident that the body finally arrives at B. Its actual path has 

been along the zig-zag line b.^ B, and the 

resultant displacement is equal to OB. If we imagine that ??, 
the number of steps in the zig-zag path, is increased indefinitely, 
then the latter appi'oximates to the straight line OB. The 
body still suffers the displacements OA and AB, but an infini- 
tesimal displacement parallel to OA is followed by an infini- 
tesimal displacement parallel to AB and so on. Thus, the con- 
ditions are practically the same as if the displacements OA and 
AB wei'e .performed simultaneously, and we see that the result 
is the single displacement OB. 

An instance of the simultaneous superposition of displacements occurs 
when a person shifts his position in a moving railway carriage. The 
resultant displacement of the person is equivalent to the displacement 
due to the motion of the carriage, together with 
the motion of the person relative to the carriage. 

Any two displacements OA and AB are equi- 
valent to a displacement OB ; and cbnversely, any 
displacement OB can be replaced by the com- 
ponent displacements OA and AB.‘ Any magni- 
tude and direction may be chosen for one of the 
components, such as OA, but when this is given, 
the remaining component AB becomes known.' 
If the directions of the components are given 
it is easily seen that the magnitude of the com- 
ponents becomes known. 

The most useful method of resolving a dis- 
placement is to choose its components so that the 

angle OAB = ^ (Fig- 126). 

Let OA = X, while AB = y and OB = Let the angle AOB = 9 . 

Then, x/r = cos 9, and x — r cos 9. 
yjr = sin 9 , ^ndy — r sin 9. 



Fig. 126. — Resolution 
of a Displacement 
into Rectangular 
Components. 
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Composition and Resolution of Velocities —When a body 
is moving uniformly in a straight line, its velocity is equal to the 
distance through which it moves in one second. If the body 
is not moving uniformly, its velocity at any instant is equal 
to the distance it would cover in one second if it continued 
moving as at the instant under consideration. It follows that 
a velocity is a displacement per unit time. Thus, velocities 
may be compounded or resolved in the same manner as 
displacements. 

Composition and Resolution of Forces. — When the velocity 
of a body is variable, the rate of increase of the velocity mea- 
sures the force acting on each unit of mass of the body, in the 
direction of the increase of velocity. The unit of force (the 
dyne) when acting on a gram 
of matter produces unit {i.e. 

I cm. per sec.) increase in 
the velocity in every second 
during which it acts. 

Let a certain force when 
acting on a gram of matter 
increase its velocity by the 
distance OA (Fig. 127) per 
second in each second. Then 
OA represents this force in 
magnitude and direction. 

Let any other force be re- 
presented in a similar man- 
ner by OC. Then, these tw^o forces, when acting simultaneously 
on a gram of matter, would, during a second, increase its 
velocity by the components OA and OC. From A draw AB 
equal and parallel to OC, and join OB. Then the velocity of the 
gram of matter will be actually increased by the distance OB 
per second during each second. A single force ecjual to OB 
would also produce the same increase of velocity. Thus, OB 
represents the resultant of the forces OA and OC. Conse- 
quently forces may be compounded and resolved in the same 
manner as displacements and velocities. . 

Periodic Motion, — When a body moves in such a manner 
that it periodically retraces its path, the motion is said to be 
periodic. The time which elapses between successive passages 



Fig. 127. — Composition of Forces. 
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in the same direction through any point is termed the period of 
the motion. 

The motion of the hands of a clock is periodic, the period of the 
motion of the minute hand being one hour, or 3600 seconds. Tlie boh 
of a pendulum moves periodically, the period being equal to ihe time 
of one complete (to and fro) oscillation. 

Simple Harmonic Motion (S.H.M.).— A particular kind of 
periodic motion demands special attention. In Fig. 128, AB 

represents a slotted bar rigidly 
connected to a rod CE, which 
works in guides at E and D, Thus, 
the slotted bar AB is only capable 
of moving at right angles to its 
length, or parallel to the direction 
CE. A pin, P, is carried by a cir- 
cular disc which can be rotated 
about C as centre ; this pin works 
in the slot of the bar AB, Now, 
as the disc rotates, the pin P de- 
scribes a circle ; the direction of its 
motion is thus continually changing. 
The component of its motion per- 
pendicular to AB will be communi- 
cated to the slotted bar and its 
guiding rod ; while the component, 
parallel to AB, will produce no effect on the motion of the slottecl 
bar. The slotted bar will thus move up and down as the pin P 
describes its circular path : it is said to perform a simple har- 
inojiic motion ( S . H . M . ), 

The characteristic properties of a S.PI. M. can be studied by the aid 
of Fig. 129. Let a tracing point, P, revolve uniformly about O' as 
centie, at a constant distance from it, equal to OP j the dhection of 
motion being opposite to that of the hands of a clock. Through O 
draw the rectangular axes X'OX and Y'OY. From P draw PQ 
peipendicular to OY. Then, treating OP as a vector, we see that it is 
equivalent to the components OQ and QP. Thus, OQ is the com- 
ponent of OP resolved parallel to OY. As P revolves about O, the 
point Q will move up and down along Y^OY. When P passes across 
the axis X OX, Q will pass through O. When P passes across the axis 



Fig. 128. — Mechanism producing 
Simple Harmonic Motion. 
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Y'OY, Q will be at its position of maximum displacement relative to its 
mean position, O. The maximum displacement of Q will thus be 
equal to the radius of the circular path of P ; it is termed the amplitude 
of the S.PI.M. The phase of the S.H.M. at any instant is equal to the 
angle which has been swept out by the line OP, measured from some 



Fig. 129. — Characteristics of a S.H.M. 


fixed line. It is convenient to measure the phase from the particular 
position of OP when Q is moving in a certain direction (say upwards) 
through O. Thus, in Fig. 129, the angle XOP = 8 , is equal to the 
phase of the S.PI.M. when P has the position indicated. 

The displacements of Q for various values of the phase angle 8 , are 
shown by the curve to the right of Fig. 129. The distance ar, measured 
along the horizontal axis, is taken equal to the circular measure of the 
angle XOP, and the distance r/i plotted vertically above r is equal to 
the corresponding value of OQ. Other points on the curve are obtained 
in a similar manner. 

Let OP = a, while OQ =9/. Then j/ja = cos ~ sin0. 

Therefore y ■= a sin 8 . This is the equation to the curve to the right of 
Fig. 129. 

When the tracing point P crosses the axis OX, it is moving parallel to 
the axis OY. Consequently, at this instant the point Q is moving along 
OY with a velocity equal to that of the tracing point P in its circular 
path. Let the tracing point complete a revolution about O in a time T. 
Since the length of its circular path is equal to 27 r«, the velocity of P is 
equal to 27 rfl/T. Plence, the velocity of Q as it passes through its 
mean position O is equal to 2n-£r/T. 

When the tracing point P crosses the axis OY, it is moving in a 
direction perpendicular to OY. At this instant the point Q will be 
stationary. Consequently, at the extremity of its excursion on either 
side of its mean position O, the point Q is for an instant stationary. 

R 
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Thus, a point executing a S.H.M. moves with a inaximunt velocity 
equal to 2xn:/T on passing through its mean position. Its velocity then 
diminishes as it recedes from its mean position, and becomes equal to 
zero at the extremity of an excursion. Subsequently, as the point 
returns toward its mean position, its velocity increases, and once more 
attains the value zvajT on moving through the mean position. 

Eesolution of a Circula.r Motion into its Harmonic Con- 
stituents. — The vector OP (Fig. 129) is equivalent to the two 
components OR = .r, and RP = y, at right angles to each other. 
Now, OR/OP = xja — cos d, and, therefore, x = a cos 6. 

As P moves uniformly round its circular path, the point R 
will move backwards and forwards along the axis X'OX, and 
will olDviously execute a S.H.M. R will be at its position of 
maximum displacement at the instant when Q is passing 
through O. Consequently the phases ofy and x differ by tt/c. 

This can also be shown as follows. We have, for the S.H.M 
executed along X'OX — 

X = a cos 6. 

For the S.H.M. executed along Y'OY we have — 

/ = <2 sin d == a cos (^ ~ = a cos(^ 6 - 

Therefore the phase ofy is behind that of .r by 

2 

Thus, we can always decompose a uniform circular motion into 
two S.H.M. ’s at right angles to each other, the amplitudes of the 
latter being equal, but their phases differing by 7r/2. Conversely, 
two S.H.M.’s at right angles to each other, of equal amplitudes but 
with phases differing by ir/z, can be replaced by a uniform circular 
motion, the radius of the circle being equal to the amplitude of 
either S.H.M. 

Let the point P complete one revolution in a time T. If a 
time t is occupied in describing the arc XP, we have 6 = 27r//T. 
Thus, for the equations of the mutually rectangular S.H.M.^s 
into which the circular motion of P may be decomposed, 
we have — 

X — a cos ( 27 r//T) ; 

>' = <2 sin (2Tr^/T). 

T is the period of the S.H.M.’s, or of the equivalent circular 
motion, a is the amplitude of either S.H.M, 
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_ We have heretofore supposed that P revolves about O 
in a direction opposite to that in Avhich the hands of a clock 
revolve. If we now suppose that it moves in the same 
direction as that in which the hands of a clock revolve, 6 will 
be negative, and we must put d ~ ~ 27r//T. 

The equations of the corresponding S.H.M.’s will be 

x = a cos 6 = a cos ( — 2Tr/lT) = a cos (25 t//T) : 

y == a sin e a sin (- 27 r//T) = - a sin (27r//T). 

Superposition of Two Equal and Opposite Circular 
Motions.— Let two tracing points start simultaneously from 
^ (Tig. 130), and - 
move round the cir- 
cle ABCD in equal 
times, but in opposite 
directions. In each 
revolution these 
points will pass each 
other at A and C. 

Let us call the cir- 
cular motion executed 
in the direction in 
which the hands of 
a clock revolve, a 
right-handed circular 
motion ; that exe- 
cuted in the oppo- 
site direction being 
termed left-handed. 

Then we can decom- 
pose each circular motion into its harmonic constituents, so that 
we have — 



Fig. 130.— Composition of Two Opposite 
Circular Motions. 


x^ = acos (2;r//T)\p. , ^ ^ , 

;q = - a sin (27r//T) j circular motion. 

-fa = acos {2irtjT)\-r . 

^2 = « sin circular motion. 

If we communicate these two circular motions simultaneously 
to a body, at any time t its component displacement parallel to 
the axis of uf will be equal to x^ -f x^, or 2a cos 27r//T. Its 
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component displacement parallel to the axis ofj/ will be equal 
to_jq H-jJ-'o) which is equal to zero. Thus, two circular motions, 
starting simultaneously from A, and executed in. equal times but in 
opposite directions, are equivalent to a single S.H.M. executed in 
the line CA. 

It is obvious that if the tracing points pass each other at the 
points A' and C' (Fig. 130), then the resultant S.H.M. will be 
executed in the line C'A'. 

Let us now suppose that the tracing points start from A in 
opposite directions, but complete their circular paths in times 
which are not exactly equal. Let the left-handed circular 
motion be executed in less time than the right-handed one. 
Then, if the difference of the periods is very small, the two 
ti-acing points will, in their first revolution, pass each other at a 
point very near to C, and again at a point very near to A. This 
will correspond to a S.H.M. along the line AC. But after a 
number of revolutions the tracing point moving in the left- 
handed direction will reach C before the arrival of the tracing 
point moving in the opposite dii-ection. Consequently the two 
tracing points will now pass each other at a point C' between 
C and D, and again at A', between A and B. This will 
correspond to a S.H.M. executed in the line C'A'. As time 
elapses, the direction C'A' of the resultant S.H.M. will be rotated 
through a greater angle from CA. 

Thus, two uniform circular motions executed in opposite directions, 
and in periods which are not exactly equal, are equivalent to a 
single S.H.M. executed in a straight line which slowly rotates 
in the direction of the quicker circular motion. 

Composition of any two S.H.M. 's executed at right 
angles to each other, in equal Periods.— A graphical solution 
of this problem is given in Fig. 131. Let the amplitude of the 
S.H.M. executed along the line X'OX be equal to the radius 
of the outer circle, while that of the S.FI.M. executed along 
the perpendicular axis Y'OY is equal to the radius of the inner 
circle. Since the periods of the two S.H.M.’s are equal, the 
respective tracing points will traverse these circles in equal 
times, in a direction opposite to that in which the hands of a 
clock revolve. The positions of the tracing points at any par- 
ticular instant will depend on the initial phases of the S.H.M.’s. 
If the phases were initially equal, the tracing poipt on the outer 
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circle passes through the line OX when that on the inner circle 
passes through OY. Fig. 131 is constructed on the supposition 
that the phase of the S.H.M. executed parallel to Y'OY is in 
advance of that executed parallel to X'OX by 7r/4. Conse- 
quently, when the tracing' point on the outer circle passes through 
the point marked i on that circle, the other tracing point will 
pass through the point marked i on the inner circle. Starting 
from these points, divide the circumferences of the two circles 
into the same number of equal parts, and number the dividing 



Fig. 131. — Composition of Two Rectangular S.H.M, ’s. 

points consecutively in the direction of motion. Then, the tracing 
points on the two circles will pass simultaneously through the 
points bearing similar numbers. The component displacements 
at any instant are found by draAving perpendiculars from 
corresponding points, on the outer and inner circles, to the lines 
OX and OY respectively. The resultant displacement at that 
instant is found by compounding these components in the 
manner explained on p. 237. Thus, a straight line drawn 
from O to A Avill give the resultant displacement at the in- 
stant when the tracing points pass through the points marked 1. 
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The construction for the resultant displacements at other 
instants will be seen on inspection of Fig. 131. It thence 
becomes evident that the two S.H.M.’s of unequal amplitudes 
and phases are together equivalent to an elliptic motion. The 
solution of the following -particular cases can be effected on 
similar lines, and may be left as exei'cises to the student. 

1. When the amplitudes are unequal, and the phases differ by 
Tvj2 or 37r/2, the axes of the ellipse coincide with the axes of 
reference X'OX and Y'OY. 

2. When the amplitudes are ecpial or unequal, and the phases 
differ by o, or tt, the ellipse degenerates into a straight line. 

3. When the amplitudes are equal, and the phases differ by 
7r/2 or 37r/2, the ellipse degenerates into a circle (compare 
wuth p. 242). 

Analytical Solution — The same problem may be solved analytically 
as follows : — 

Let the amplitudes of the S.H.M.’s along the axes X'OX and Y'OY 
be respectively equal to a and b. At a given instant let the tracing 
point on the outer circle be in advance of its starting point, on the axis 
OX, by a distance subtending an angle 6 at the centre O. Then, if a- is 
the component displacement parallel to the axis OX, we have (p. 242) — 

X = a cos d. 

This is the equation to the S.H.M. executed along the axis X'OX. 
If the 23hase of the S.H.M. executed along the axis Y'OY is in advance 
of that executed along X'OX by the angle d, the tracing iDoint on the 
inner circle will be in advance of its starting point on OY by a distance 
subtending an angle (0 + 5 ) at the origin. Thus, if j/ is the component 
displacement parallel to the axis OY, we have — 

j/ = ^ cos (6 + 5 ). 

This is the equation to the S.H.M. executed along the axis Y'OY. 

y 

Now — cos (0 -f $) cos 6 cos 5 - sin 0 sin 5 

= cos 0 cos S “ (r - cos^ 0) 5 sin S = - cos 5 - ( i - V sin 5, 

a \ J 

> ■ • 'lo - 2 -7 cos 5 H- -5 Cos'- S — sin“ 6 - sin- 6 . 

b~ ab ti- 
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51 cos''^ 5 + sin- 5 


xy 


2 " cos S + 75 = Sin''* 5 . 
al) b‘^ 

xy ^ „ 

-5 - 2 COS 5 + 75 = sin- S. 
a- at) 

This is the general equation to an ellipse. When 5 = o, sin 5 
and cos 5 = + i. In this case the equation reduces to — 


o, 


xy y 
^ ab b^' 


(^fr 


y — X. 


This is the equation to a straight line passing through the origin, and 
inclined to the axis of x at an angle of which the tangent is equal to 
- bja. If 5 = TT, cos S = - I , and we find that — 


y 


b 

q — x. 


This is the equation to a straight line passing through the origin, and 
inclined to the axis of x at an angle of which the tangent is equal 
to bja. When S ^ 7r/2 or 311/2, cos S = o, and 
sin* S = I. In this case we find that — 

, 1/2 
a* 

This is the equation to an ellipse of which the 
semi-axes are respectively equal to a and b, and 
coincide with the axes of x and y. 

When a = b, the ellipse degenerates into a 
circle. 

Expt. 53. — Obtain a piece of clock-spring $ or 
6 inches in length, heat a small portion near the 
middle point to redness in a blowpipe flame, and 
twist it while in the flame so that the two halves 
lie in mutually perpendicular planes (Fig. 132). 

Sharpen one end, and fix a silvered bead to it. 

Clamp the opposite end of the spring in a vice. 

Then the two halves of the spring are capable of 
bending in directions lying in mutually perpen- 
dicular planes. By adjusting the point at which 
the spring is clamped, the periods of vibration in these directions can 
be brought into approximate agreement. On setting the free end of 
the spring in vibration, the bead will be seen to describe a straight lincj 



Fig. 132.— Spring 
used in Experi- 
ment 53. 
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elli23iie, or circle. If, as generally liaj^jjens, the laeriods of vibration in 
perpendicular directions are not exactly equal, the figure described by 
the bead will pass from a straight line to an elliijse and thence to a 
circle, which in its turn will lengthen out into an elliisse and a straight 
line, and so on. 

Composition of any Number of S.H.M.’s of Equal Periods, 
executed in the Same Direction.— Let OPi, OP^ (Fig. 133), be 
equal to the amplitudes, while the angle PjOP^ represents the 



Fig. 133. Composition of Two S.H.M.’s of Equal Periods, e.xecuted in the samp 
Straight Line. 

phase difference, of two S.H.M.’s executed along X'OX in 
equal periods. Let the points Pj and P._j revolve uniformly in a 
direction opposite to that of the motion of the hands of a clock 
round circles of radii equal to OPj and OIL, in such a manner 
that the angle PiOPj, remains constant. Then OB and OC, 
the components of OP^ and OPg resolved parallel to OX, will 
be equal to simultaneous values of the displacements of the 
S.H.M.’s. Since these displacements are in the same straight 
line, their resultant will be equal to OB + OC. From P^ draw 
PiR parallel and equal to OPg, and join OR. From R draw 
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RD peipendicular to OX. Then it is obvious that BD = OC, 
so that the resultant displacement is equal to OD. Thus, if we 
suppose the line OR to rotate about O, in a time equal to the 
period of the component S.H.M.’s, the component of OR, 
lesolved paiallel to OX, will give the resultant displacement at 
any instant. Thus, OR, is equal to the amplitude of the 
lesLiltant S.H.M., and the phase of the same will be measured by 
the angle ROX. Thus, we can compound the amplitudes of S.H.M. ’s 
executed in the same straight 
line, according to the ordinary 
laws applying to vectors (p. 237). 

Let the vectors OA, OB, OC, 

OD, OE (Fig. 134), represent the 
amplitudes and phases of a number 
of S.FI.M.’s executed in equal pe- 
riods along the line OX. From A 
draw Ab equal and parallel to. OB ; 
then the vector Ob represents am- 
plitude and phase of the resultant 
of OA and OB. From b draw be 
equal and parallel to OC. Then 
the vector Or' represents the ampli-- 
tude and phase of the resultant of. 

Ob and OC, that is, the resultant of 
OA, OB, and OC. Finally, if we 
draw cd and de i^arallel and equal to OD and OE respectively, the 
vector Oe will represent the amplitude and phase of the resultant of 
OA, OB, OC, OD, and OE. 

Mechanical Conditions for the Execution of a Uniform 
Circular Motion. — Let a body of mass ni revolve, with a uni- 
form velocity w, round a circle of radius OA = r (Fig. 135). The 
velocity of the body at any instant Avill be tangential to the 
circle, and thus is continually changing in direction, though its 
magnitude remains . constant. Consequently, a force must act 
on the body. 

Let the body move from A to C in a time t ; then ils velocity in this 
lime changes from AB to CD, where the magnitudes of AB and CD are 
both equal to v, while their directions are at right angles to the radii 
OA and OC respectively. From A draw AE- equal and parallel to CD. 
Then to change AB into AE, we must add to it the vector BE. But 
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the change of velocity per second is equal to the force acting on each 
unit of mass of the body. Thus, BE// is equal to the force per unit 

mass acting on the body. As t is 
diminished indefinitely, the lines AB 
and AE become more and more 
nearly parallel, and BE becomes 
more and more nearly perpendicular 
to AB, or parallel to AO. Thus, 
the force acting on the body is 
directed toward the centre of the 
circular path. 

The magnitude of the force will 
be equal to 7«BE//, when t is 
diminished indefinitely. To evalu- 
ate this ratio, notice that the tri- 
angles AOC and BAE are similar, 
both being isosceles, while / AOC 
= BAE. Also, in the limit, the 
arc AC and its chord will be equal } 
since the body traverses the arc AC 
in t seconds with a velocity v, the 
arc AC will be equal to vt. Then, from the similarity of the triangles 
AOC and BAE — 

^ _ AC . BE _ Vi 
AB ~ OA' ' ' V r' 

BE 

Consequently, force acting along AO =/= m-j- - m. -. 



Fig, 135,— Mechanical Conditions of 
a Circular Motion. 


This is the well-known expression for the centrifugal force actin g 
on a body moving round a circle of radius r with velocity v. 

' Let the body execute n complete revolutions per second. Then, in 
one second the body moves through a distance equal to 27r«;' ; this is 


consequently the velocity of the body. Thus- 


m 


= nir ( 2 ir«)^. 


If T is the period of one revolution, then n = l/T. Thus — 

Mechanical Conditions for the Execution of a S.H.M.-— 

When a body of mass m executes a uniform circular motion in 
a period T, it must be acted upon by a force, diiected toward 
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the centre of the circular path, and equal in magnitude to 
?«r( 27 r/T) 2 , where r is the radius of the circular path. But a 
uniform circular motion may be decomposed into two S.H.M.’s 
executed at right angles to each other in periods equal to that 
of the circular motion. ^ 

The vector distance, r, from the centre o me circular path to the posi- 
tion of the body at any instant, may be resolved into the rectangular 
components — 

X = r cos 6, and y = r sin 6. 

The central force may be resolved in the same directions, and is 
equivalent to the rectangular components — 



parallel to the axis of x, and 

m r sin 6 = m y. 


parallel to the axis of jVj both being directed toward the origin. 

Now the motion of a body in a straight line can be affected only by 
forces acting in that straight line. Thus, the force necessary for the 

/ 27r\ ^ 

execution of the S.H.M. along the axis of x, is equal to in ( "y ) 


This force is directed toward the origin, and is proportional to x, the 
displacement from that point. 

Similarly, the S.H.M. executed along the axis of y is controlled by 

/ 27r \ ^ • t 

a force equal to m acting along the axis of/, and directed 


toward the origin. 

Thus, a body moving in a straight line will execute a S.H.M. if 
it is acted on by a force, directed toward a point in the line of motion, 
and proportional to the displacement of the body from that point. 

Applications. — i. Heavy body suspended by an elastic filament , — 
Let A (Fig. 136) represent the equilibrium position of a heavy body 
suspended by an elastic filament OA. Let in be the mass of the body. 
Then the downward pull on the body is equal to mg, where g is the 
force per unit mass exerted by gravity. At A this force is just counter- 
balanced by the tension of the stretched elastic filament. If the body 
is displaced downwards to 13 , the increase in the tension of the filament 
is proportional to the displacement AB 5 consequently, the resultant 
force on the body, when at B, is equal to / x AB, where /is the force 
of restitution called into play by unit displacement from A. This 


2^2 


LIGHT FOR STUDENTS 


CHA1‘. 


resultant force acts toward A, the position of equilibrium of the 
body. 

If the body is displaced upwards to C, the tension of the Hlament 
will be diminished hyfx AC, so that the upward pull of the filament 
is now less than the downward pull of gravity. The 
resultant force acting on the body at C will thus be 
equal to/ x AC, directed toward A. 

Consequently, when the body is displaced in the 
line OA through a distance equal to a, and then 
given its freedom, it will be acted on at each instant 
by a force directed toward A, and proportional to the 
displacement from that point. It M'ill therefore 
execute a S.H.M. about the position of equilibrium 
A. The amplitude of the S.H.M. will be equal to 
a, and the force acting on the body at the limit of an 
excursion will be equal to fa. But it was proved on 
p. 251 that when a body of mass vt. executes a 
S.H.M. of period T, the force corresponding to a 
displacement x from its position of .equilibrium, is 

equal to 7 /t(^^^x. Thus, when x = a, we have — 


Fig. 136. — Heavy 
Body suspended 
by Elastic Fila- 
ment. 


fa = m(^- 


This formula gives its the period T of the S.H.M., 
in terms of /, the restoring force corresponding to unit displacement, 
and in, thf mass of the body. The value of T is independent of the 
amplitude a. 

We may obtain the same result in another manner. As the body is 
displaced from its position of equilibrium, work is performed, and the 
potential energy of the body is increased. At the limit of an excursion 
the body is for an instant stationary ; it then possesses only potential 
energy. To find the latter, notice that the restoring force varies from 
zero at A, to fa at B or C. The average restoring force over the path 
from A to B or C (Fig. 136) is equal to fal2 ; thus, the potential energy 
at B or C, which is equal to the work done during the displacement 

from A to B, or from A to C, will have the value /^ x a —f^. 

When the body passes through its position of equilibrium the restoring 
force vanishes, and the body then only possesses kinetic energy. Its 
velocity at that instant is equal to 2'7r«/T (p. 241), and the kinetic 
energy of the body is consequently equal to Now, if no 
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energy is lost during the passage from B to A, the potential energy at 
B must be equal to the kinetic energy at A, by the law of Conservation 
of Energy. Thus — 

■ ( \ 

as before. 

It should be noticed that the performance of a S. ELM. is charac- 
terised by the continual transference of energy from the potential to the 
kinetic form, and back again to the potential 
form. At all points in an excursion, the total 
energy of the body remains constant. 

If any frictional forces act on the body, the 
total energy of the body decreases continually. 

Thus, its kinetic energy on passing through 
its position of equilibrium is less than its 
potential energy at the extremity of the pre- 
ceding excursion, and the amplitude contin- 
ually dimini.shes, and the body finally comes 
to rest. 

2. Free Vibration of a Simple Pendulum. — 

Let a small heavy body, of mass be sus- 
pended from a point O (Fig. 137) by means of 
an inexLensible, massless filament, OA. If the 
body is displaced to B, and then given its free- 
dom, it will oscillate about the position of 
equilibrium A, between the limiting positions 
B and C. Join B and C by the straight line 
BC, cutting OA in D. When the body is at 

B, the forces acting on it are (i) mg, acting vertically dow'n wards, and 
(2) a certain tension in the filament OB. These forces are respectively' 
parallel to OD and OB. When the arc of vibration is small, the body 
moves to , and fro practically along the line EC; thus, the resultant 
force on the body at any instant must act along the line BC. Then, if 
F is the resultant force acting on the body at B, we have — 


When the arc through which the pendulum swings is very small, the 
point D will practically coincide with A, and the force F will act 
toward A, the equilibrium position of the body. Also, in that case, 
OD will be approximately equal to OA, or to /, the length of the 
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.simple pendulum, Let DB 
vibration. Then— 


a, so that a i.s the amplitude of the 


F = fa. 


Thus, the restoring force is proportional to the displacement, and the 
pendulum bob will execute a S. H. M. 

Employing rea.soning similar to that previously used, we have— 




Forced Vibrations,— rln the foregoing investigations, a body 
was supposed to be displaced, and then left free to vibrate under 
the action of the force called into play by its displacement. 
Such vibrations are said to be /ree. There is another important 
class of vibrations performed under the 
action of an external force varying 



Fig. 138. — Forced Vibrations of a Simple Pendulum. 

periodically. In such a case the body is constrained to 
vibrate in a period equal to that of the periodic force, and 
the resulting vibrations are said to be forced. 

The general, nature of forced vibrations may be studied by 
the aid of Fig, 138; this refers to a pendulum attached to a 
point of support which itself executes a S.H.M. On starting, 
the motion of the pendulum is apparently irregular, due to the 
simultaneous execution of free and forced vibrations. But after 
a time the free vibrations die down, and the pendulum executes 
a S.H.M, in a period equal to that of the point of support. 
Let A'A be the actual length of the simple pendulum, equal to l-^. 
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Then if is the period of its free vibration, = 27 r(/i 4 ',’-) 5 . Let 
T be the period of the S.H.M. executed by the point of support. 
A pendulum of length I would complete an oscillation in T 
seconds, if T = 27 r{//g)K Thus, the pendulum must vibrate as if 
it were supported from a point O, by means of a fibre of length 1 . 
Consequently, if T > T^, we must have I > /j, and the point O will 
be on the sicle of A' remote from A. In this case the phases of 
the point of support and the pendulum bob will be equal. As 
the point of support moves from A' to B', the pendulum bob 
moves from A to B (I, Fig. 138). If T < T^ we must have I < /j, 
and the point O lies between A' and A. In this case the phases 
of the point of support and the pendulum bob differ by tt. As 
the point of support moves from A' to B', the pendulum bob 
moves from A to C ; at any instant the point of support and the 
pendulum bob will be moving- in opposite directions (III, 
Fig. 138). 

With a given amplitude of the point of support, it is obvious 
that the arc AB described by the pendulum bob will increase as 
the point O approaches A'. When O is situated at A', I = /j, 
and the period of vibration of the point of support is equal to 
the free period of the pendulum. In this case an infinitesimal 
periodic displacement of the point of support will produce an 
indefinitely great amplitude of swing in the pendulum bob (II, 
Fig. 138). This is an instance of the sympathetic coinmimicatio 7 i 
of vibrations. 

Lastly, when T is excessively small in comparison with Tj, 
I will be very small in comparison with and the point O will, 
approximately coincide with A. The pendulum bob, will then 
be unable to move appreciably during the time required for the 
point of support to complete a vibration. Consequently, in this 
case, the pendulum bob will remain stationary (IV, Fig. 138). 

Let a and a be the amplitudes of the S.H.M.’s respectively exe- 
cuted by the pendulum bob and the point of support (Fig. 138, 1 ). Draw 
BD perpendicular to A^A. Then DB = a and A.'’B' = a. From the 
similar triangles BDO and B'A'O, we have — 

DB A'B' a 


a 
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/ = 7— .,T=, and ; 

(air)- ^ (2^)“ 


, , a — Cl ?p2 _1 ^ 2 (w 

When T > T^, a has the same sign as a. As T approaches the value 
Tj, the value of a increases, and becomes equal to infinity whenT = T^. 
When T < Tj, a and a have opposite signs, indicating a difference of tt in 
the phases of the corresponding vibrations. Finally, when T = o, a = o. 

From B' draw B'E pei'pendicular to A'B', cutting DB in E. Then 
EB = (a - a). As the point of support is displaced from A' to B', the 
position of equilibrium of the pendulum bob is displaced from A to E ; 
we may term A and E its positions of absolute and relative equilibrium. 
Similarly, we may term EB, or (a - ^z), the relative displacement of 
the pendulum bob. From reasoning similar to that employed on p. 253, 
it follows that the restoring force acting on the pendulum bob when at B 
is proportional to EB, or (a - a). If f is equal to the restoring force 
called into play by unit displacement of the pendulum bob when the 
point of support is fixed at A', then /(a - a) will be equal to the re- 
storing force when the bob is at B and the point of support is displaced 
to B'. Let r = /(a - a). When F is positive, it will act from B 
toward D. The teasion of the suspending filament will exert a reaction 
equal to F on the point of support ; when F is positive, this reaction 
will tend to increase the displacement of the latter. 

From tlie similar triangles BEB' and B'A'O, we have — 


Consequently- 


= “7^ = 


F = / (a - a) = /a 


l-h' 

T^2 

T2 h T ^2 • 
T2 


The reaction due to the pendulum increases from zero to F as the 
pendulum bob moves from A to B. It tends to increase or decrease 
the displacement of the point of support, according as T is greater or 
less than T^j. As the value of T approximates to Tj, the value of F 
approaches + oc. The work, W, performed by the pendillum bob on 
the point of support, during the displacement of the latter from A' to B', 
is equal to the average value of the reaction {i.e. F/2) multiplied by the 
distance A'B'. Thus — 

W ^ 

2 T2-Ti2 


( 3 ) 
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If T > T], part of the kinetic energy possessed by the pendulum 
boll when it passes through its position of equilibrium, A, is afterwards 
used up, during the excursion from A to B, in producing an increased dis- 
placement of the point of support. When T < Tj, the point of support 
does work on the pendulum, the energy of the latter being greater at 
the extremity of a vibration than when passing through the point A. 

Equations (i), (2), and (3) above comprise no magnitudes 
relating merely to a pendulum. They will apply equally well 
to any body attracted toward a point with a force proportional to 
the displacement, the point itself being constrained to execute a 
S.H.M. 

Wave Motion. — When a number of bodies are united by 
means of elastic connections, one of them cannot move without 
disturbing its neighbours. Thus, a displacement of any one 
body will produce a disturbance which is handed on from body 
to body till the whole of them have suffered greater or less' 
displacements. If the first body is constrained to move periodic- 
ally, then the rest will be constrained to follow its motion, so 
that all will execute periodic motions of the same period. We 
may consider an elastic medium, such as a jelly, to consist of an 
infinite number of particles united by elastic connections. A 
periodic motion, transmitted from particle to particle of such a 
medium, is said to constitute a wave motion. It must be noticed 
that a ^particle does not move continuously in any direction, but 
oscillates about its position of equilibrium. On the other hand, 
a dlsittrbance communicated to one particle will, as we have 
seen, be transmitted through the medium ; in a given medium, a 
disturbance of a given kind will be transmitted with a definite 
velocity. On being set in motion a particle acquires kinetic 
energy ; this energy must have been communicated to it by 
neighbouring particles, since energy, like matter, is uncreatable 
and indestructible. Consequently, wave motion is accompanied 
by the transmission of energy. 

Waves transmitted along a Cord, — Some ot the essential 
characteristics of wave motion may be explained by reference 
to Fig. 139. AB represents a stretched flexible string in its 
position of equilibrium. If the point A is caused to move 
upwards, it will drag the neighbouring portion of the string 
after it. If the string were rigid, all particles would be ob- 
liged to move so as to retain their initial relative positions ; 
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but as the string is flexible, the motion of any part of it will 
only exert a finite reaction on the neighbouring particles, and a 
definite time must elapse before these acquire any appreciable 
velocity. Thus, the displacement imposecl on A will travel along 
the string with a definite velocity, being handed on from particle 
to pai'ticle of it. 

Let us siippose that one end, A, of the string is constrained to execute 
aS.H.M., and let Aj be the limit of its excursion in one direction. 
During the time required for this excursion, all points of the string 
between A^ and D^ have been displaced. In another instant Dj will 
be set in motion by the reaction of the particle behind it, and still later 



Fig. 139. — Wave Motion along a Cord. 


the particle in front of D;^ will in its turn commence to move upwards. 
The point Aj is for the moment at rest, having reached the limit of its 
excursion (p. 241); but all particles between Aj and Dj are moving 
upwards, and thus possess kinetic energy. These particles continue to 
move upwards as the point A commences its return journey ; each one 
in turn momentarily comes to rest, when it has yielded up its kinetic 
energy in setting the more advanced particles in motion ; it then 
commences its return journey. Thus, the motion of any particle of the 
string is not immediately influenced by the motion of the end A. When 
the end of the string regains its initial position, the disturbance has the 
form A.2D2. The particle Dg is now just on the point of moving 
upwards. As the end of the string moves to A3, and back again to its 
position of equilibrium, the disturbance goes through the form AgD.,, 
and finally acquires the form A4D4. The point A has now completed 
one vibration, and is just on the point of moving upwards at the com- 
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mencement of a second. The particles at and A4 are moving 
through their positions of equilibrium in the same direction ; they are 
thus in the same phase (p. 241 ). The particle midway between A4 and 
D4 is also moving through its position of equilibrium, but the direction 
of its motion is opposite to that of A4 ; the phases of this particle and 
A4 consequently differ by tt. 

If we imagine the end A to continue its harmonic motion, while the 
string itself is supposed to be indefinitely long (so that the effects pro- 
duced when the disturbance reaches the end of the string may be left 
out of account), it is plain that the disturbance A4D4 will travel along 
the string, and will be succeeded by other similar disturbances as the 
end A completes successive vibrations. The disturbance A4D4 is 
termed a wave, and a number of such disturbances following each other 
are said to constitute a wave train. ' As a wave train passes any 
particular particle, the latter executes a S. H. M. similar in every respect 
to that of the point A. Particles in the path of a wave train, simul- 
taneously moving in the same direction through positions of equal 
and similar displacement, are said to he in the same phase. 

In passing along a wave train, the distance ■ between the nearest 
particles which are in the same phase is tenned the wave-length. 
Thus, A4D4 is the wave-length of the disturbance travelling along A4B4 
(Fig. 139). It will easily be seen by reference to Fig. 139, that particles 
in the path of a wave train, which are separated by half a wave-length, 
are moving in opposite directions through positions of equal and 
opposite displacement. Consequently, particles in the path of a wave 
train, which are separated hy a wave-length, or any whole number 
of wave-lengths, will be in the same phase, and thus similarly situated 
in all respects ; those separated by half a wave-length, or any odd 
number of half wave-lengths, will differ in phase by rr, or some odd 
multiple of tt, so that their displacements as well as their velocities 
"Will be equal in magnitude, but opposite in directions. 

In a wave train, points of maximum displacement in one direction 
are termed the crests of the waves, while those of maximum displace- 
ment in an opposite direction are termed the troughs of the waves. 
Thus, two crests or two troughs are separated by a distance equal to a 
wave-length, or some whole number of wave-lengths. The displace- 
ment of a particle, at the crest or trough of a w’ave, from its position of 
equilibrium, is termed the amplitude of the wave. 

Transverse Waveo in general. — It is instructive to study the 
properties of a wave train from a slightly different point of view. Let 
ABCD (Fig. 140) represent part of a long paper riband which is 
drawn through a slit ADj and travels in the direction of the arrow with 
a uniform velocity, V. Let ci pencil point P execute a S.FI.M. along 
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the fixed line Y'OY, about the mean position O, in a period equal to 
T. It is plain that a wavy line, which may be termed the wave curve, 
will be inscribed on the moving paper riband. This wave curve will 
at any instant represent the displacements at all points in the path of 
a wave train. To determine the motions of the individual particles in 
the path of the wave train, imagine that a sheet of paper provided w"Kh 
numerous equidistant slots parallel to Y'OY is maintained stationary 
above the moving riband. Then through each slot a small length oj 
the wave curve will be visible, and this will move harmonically up and 
down the slot as the riband moves uniformly onward. The distance 



Fig. 140. — Transverse Wave Motion. , 


from the mean line OX do the visible element of the wave Curve will 
give the displacement of the particle at any instant. It is thus clear 
that each particle executes a S.H.M. which differs only in phase from 
that executed hy P. Let a be the amplitude of the S.H.M. of each 
particle. Then, since P moves through O with a velocity equal to 
2trajT, each particle in the path of the wave train will move through 
its position of equilibrium on the line OX with a velocity equal to 
2'7ra/T. When P is at the end of an excursion in one direction, and is 
thus marking the crest or trough of a wave on the moving riband, it 
will for the moment be stationary j consequently, the wave curve is 
parallel to the axis OX in the immediate neighbourhood of a crest or 
trough. The wave curve cuts the axis OX at an angle 8 , which may be 
determined as follows : — When the tracing point Pj (Fig. 140) was at Nj, 
the pencil point P was at N,. As the tracing point moved from Nj to 
Pj, the pencil point marked the approximately straight line NP on the 
moving riband. ■ Then tan 9 = tan PNO = OP/ON. Let if be the 
time required for the tracing point to move from Nj to P^. In this 
time the paper riband advanced by the distance ON with a uniform 
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velocity V. ^ Thus ON = V 4 Also the arc N^Pi of the circular path 
of the tracing point is approximately a straight line parallel to OP. 
Since the velocity of the tracing point is equal to 27ra/T, we have 
OP = NjPj = 27 r«//T. Hence, finally, tan0 = GP/ON = 2ira/VT. We 
shall subsequently find this result very useful. 

y 

Connection between Wave-Length and Period.— -The dis- 
tance NQ (Fig. 140) is equal to one wave-length (p. 259). Let 
~ Then during the time required for the moving paper 
riband to travel, with velocity V, through the distance N Q, the 
point P has completed one vibration. Thus, if T is the period 
of the S.H.M. executed by P, we have — 

X = VT. 

We have up to the present confined our attention to waves of trans- 
verse displacements. The wave curve in Fig. 140 may, however, be 
used to represent the displacements in a wave train of any character. 
Thus, in explaining sound waves, in which the particles in the path of 
a wave train execute longitudinal vibrations, the distance, from the axis 
OX to the wave curve, will give the instantaneous displacement of a 
particle parallel to the direction of wave propagation. 

^ Superposition of Waves. — When two or more wave trains 
travel in any directions through a point, the resultant displace- 
ment of a particle at that point will, at each instant, be equi- 
valent to the sum of the vector displacements due to the various 
waves.^ The velocity of a particle will be the resultant of the 
velocities due to the various waves. If the crest of one wave 
and the trough of another pass simultaneously through a point, 
then, at the instant of their passage, the displacement of a 
particle at that point will be equal to the difference of the ampli- 
tudes of the waves ; if the waves are of equal period, and 
travel approximately in the same direction, then the displace- 
ment of the particle will be permanently equal to zero if the 
amplitudes of the waves are equal. 

^ If two wave trains travel with equal velocities in the same 
direction, the displacement of any particles in their path can be 
found by adding the vector displacements due to the two sets of 
waves. Fig. 14 1 represents the resultant instantaneous displace- 
ments at various points in the path of two wave trains, of which 
the amplitudes are equal while the wave-length of one is half 
that of the other. 
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The I’esultant displacement curve, due to the superposition of 
any number of wave trains of unequal wave-lengths, can be 
found in a similar manner. As the number of wave trains in- 
creases, the complexity of the resulting curve is also increased. 



Fig. 141. — Superposition of Waves. 


Conversely, by superimposing wave trains of various amplitudes, 
phases, and wave-lengths, we could, by trial, produce a resultant 
curve of any desired shape. 

Resolution of an Arbitrary Disturbance into Harmonic 
Waves. — It has been pi'oved by Fourier that any arbitrary dis- 
turbance transmitted through space can be resolved into a number 
of simple harmonic waves of definite amplitudes, phases, and 
periods. The following instance may make the meaning of this 
statement clearer. At Black Gang Chine, in the Isle of Wight, 
the receding waves cause a violent commotion amongst the 
stones of the beach. The stones strike against one another at 
purely arbitrary intervals, which, however, follow each other in 
rapid succession. Each concussion produces a disturbance in 
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the surrounding air, and the result of the innumerable concus- 
sions of different stones is the production of a note of more or 
less definite pitchd The note is not, however, pure, but consists 
of a great number of waves of which the periods vary continu- 
ously between certain limits ; the amplitude of a wave depends 
upon its period, attaining a maximum value for a particular wave- 
length, and falling off rapidly for greater or smaller wave- 
lengths. 

This example will prove valuable when we come to study the 
production of white light. 

Stationary Waves. — When two similar and equal wave 
trains travel in opposite directions along a straight line with 



Fig. 142, — Formation of Stationary Waves. 


equal velocities, the resultant disturbance of the medium takes 
the form of a number of stationary waves. The method of 
production of stationary waves, together with their most import- 
ant properties, can be understood by the aid of Fig. 142. The 

i “ The scream of a maddened bench drawn down by the wave.” — T ennyson. 
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curves A and B represent the component wave trains travelling 
in the directions indicated by the horizontal arrows ; they are 
drawn one below the other in order to avoid confusion. At the 
instant when the waves have the positions represented, there 
will be no displacement at any point along the line of transmis- 
sion ; a crest of a wave of train A coincides with the trough of 
a wave of train B, and at every point the displacements due to 
A and B are equal and ■ opposite. The resultant displacement 
curve at this instant takes the form of the horizontal straight line, 
R. It must be noticed, however, that certain points in this 
straight line are stationary, while others are moving transversely 
with considerable velocities. Points at the crests and troughs 
of the component waves are stationary, and the resultant velocity 
at points, suchasNi, Ng, and Ng, through which a crest and a 
trough are simultaneously passing, is equal to zero. But the points 
P, Q, in the component wave trains, which are passing througdi 
their positions of equilibrium, will have velocities (p. 241); these 
are represented in Fig. 142 by the small vertical arrows, ’it will 
be seen that the velocities at these points in the two wave trains 
are in the same direction, so that the velocity of the points Vi, 
V2, Vg, and V4, in the resultant wave train, is equal to twice the 
velocity of a point such as P or Q. 

As the component trains travel in the directions indicated, the point 
L of train A will arrive above Nj at the same instant as the point M of 
train B. As the displacements of L and M are equal in magnitude but in 
opposite directions, the displacement at Nj will still be equal to zero. 
The transverse velocities at L and M are also equal but in opposite 
directions, so that the velocity of Nj will be zero. In other words, the 
displacements of the point Nj, due to the wave trains A and B. will 
always differ in phase by w (p. 241). Thus it appears that the points 
Nj, N2, Ng, . . . . will remain permanently stationary. These points 
are termed nodes. 

The point S of train A will arrive above Vg at the same instant as 
the point T of train B. The displacements of S and T are equal and 
in the same direction, so that the resultant displacement at V2 will be 
equal to twice that of S or T. When each wave has travelled through 
a distance equal to a quarter of a wave-length, the troughs C and D 
will simultaneously arrive above Vg, so that the resultant displacement 
at that point will then be at its maximum value, equal to twice the 
amplitude of either of the component waves. At this instant the 
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resultant displacement curve takes the form of the continuous curved 
line in K. 

When each v/ave has travelled through a distance equal to half a 
wave-length, the resultant curve again takes the form of the straight 
line through R ; the original velocities at Vj, Vg, V^, and V4 will now 
be reversed. As the component waves travel through another quarter 
of a wave-length, the resultant displacement changes to the form repre- 
sented by the broken curved line in R. After moving through yet 
another quarter of a wave-length, the component waves will constitute 
a train identical with that with which we started, so that the resultant 
displacement once more takes the form of a straight line. 

The points V^, Vg, Vy, V4 . . . , which suffer the maximum dis- 
]5lacement, are termed antinodes ; the portions of the displacement 
curve lying between two nodes is termed a ventral segment. The 
distance between two successive nodes, or two successive antinodes, is 
ecjual to half a wave-length. It will be obvious from the above that 
antinodes are alternately positions of maximum displacement and of 
maximum velocity. Nodes are iroints of zero displacement and zero 
velocity. 

Stationary waves may be formed by sending properly timed waves 
along a rope, one end of which is attached to a fixed support. They 
may also be formed in a long trough containing water. 

Waves transmitted through, the Body of a Medium.— The 

ripples produced when a stone is thrown into still water must be 
familiar to every one. This class of waves can only be pro- 
duced at the surface of a medium. Waves can, however, be 
transmitted through the body of a medium. The student is 
probably familiar with the characteristics of the waves trans- 
mitted through a gas, and constituting sound. Each particle of 
the gas in the path of a wave train is thrown into oscillations 
parallel to the direction of wave propagation. A gas offers no 
resistance to a mere change of shape, so that the only waves 
which can be propagated through it are those involving a 
change of volume. 

The conditions necessary for the production of \vaves in a 
medium are : — 

1. A small element of the medium, when set in motion, must 
possess kinetic energy. 

2. The relative displacement of an element with respect to its 
surroundings must produce a reaction tending to restore^ the 
element to its initial position. In overcoming these reactions. 
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through a distance BC. Let this require the application to the upper 
face of a stress F parallel to BC, and an equal and opposite stress to 

the lower face. Let 
a be the area of either 
the upper or lower 
face ; then the stress 
per unit area is equal 
to F/a. Let the per- 
pendicular distance 
between the upper 
and lower faces be 
equal to h, while the 
relative shear BC be- 
tween these faces is equal to s. The shear between planes at unit 
distance apart is equal to r/b. Then ??, the coefficient of rigidity or 
of shear elasticity of the substance, is equal to the ratio of the sheariiii' 
stty^s per unit area, to the shear produced between planes at unit 
distance apart ; therefore — 

_ F ^ 
a ’ b ja " 

If the shearing stress is removed, the elastic solid springs back to its 
original shape. In this process matter is set in motion, and the sheared 
medium must therefore possess potential energy. The value of this 
cneigy may be easily found j it is .equal to the work done in pro- 
ducing the shear. Now, the restoring force increases uniformly from 
zero to F, as the shear increases from zero to s ; thus, the average re- 
storing force during the production of the shear s is equal to F/2 ; since 
this average foice is overcome through a distance s, the work done is 
equal to Fj/2. But F = { 7 ?ajr)/b ; consequently the potential energy 
possessed by the sheared parallelopipedon is equal to 7;ar'Y2b. The 
volume of the body is equal to ab ; therefore the potential energy per 

unit volume is equal to But s/h is equal to the shear between 

planes at unit distance apart ; if s/b — S, we have the final result that 
the potential energy per unit volume of the sheared medium is equal 
to 7 jS“/ 2 . 

When a body is compressed or extended in one direction, the dimen- 
sions of the body at right angles to this direction remaining unaltered, 
the volume of each element of the body is altered, while the shape of 
me element is also modified. Such a strain is said to be longitudinal. 
The elasticity of a body for longitudinal strains depends, not only on 



Fig. 144,— Stresses and Strains in a Sheared Solid. 
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the conipressional elasticity, e, but also on the rigidity, t). Its value can 



Transverse Waves in an Elastic Solid. — Imagine an elastic 
solid, such as a jelly, bounded in one direction by a plane sur- 
face, but extending indefinitely in all other directions. Now; 
let the boundary surface be displaced through a small distance 
parallel to itself. The first effect will be to produce a uniform 
shear between the boundary plane and any other parallel plane 
at a small distance within the medium. The resulting reaction 
will produce a displacement of this second plane, and this dis- 
placement will produce a shear between the second and. a third 
plane still further within the medium, resulting in a displace- ^ 
ment of this third plane. Following this process mentally, ^ 
see that the displacement initially imposed on the boundary 
plane will be handed on from plane to plane of the elastic solid. 

In each case the direction of displacement of a plane is parallel 
to itself j the disturbance is transmitted in a dii-ection at right 
angles to the direction of displacement. 

If we now imagine that the boundary surface is caused to 
execute a S.H.M., in any direction in its own plane, every 
other plane parallel to it will execute a S.H.M. in a parallel 
direction. All particles in one of these planes will, at any 
instant, be displaced from their positions of equilibrium by the 
same amount, and will be in the same phase. This form of dis- 
turbance transmitted through an elastic medium is said to con- 
stitute a plane wave train. The plane, perpendicular to the direc- 
tion of wave transmission, to which the disturbance has just 
reached, is termed the wave front; the same term is sometimes 
used to denote a plane containing particles in the same phase, 
whatever position in the wave train it may occupy. 

The characteristic features associated with the transmission 
transverse waves through an elastic solid may be better appreciated by 
referring to Fig. 145. This represents a section of an elastic solid by a 
plane parallel to the direction of wave propagation and to that of the 
displacements constituting the waves. Particles of the medium which, in 
their undisturbed state, lay in the broken line (which we shall term the 
axis) extending from left to right, are displaced at a particular instant 
during the passage of a wave train so as to lie on the thickly-outlined 
wave curve. The displacement of each particle is perpendicular to the 
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axis, or to the direction of wave propagation. The fine shading lines 
represent the displacements of particles which lay, in the undisturbed 
state of the medium, in lines parallel to the axis. In this class of wave 
propagation it is necessary to fix our attention on elements of the 
medium, each comprising a considerable number of particles. Fig. 146 
represents five equal elements in the path of a wave train. All of 
these, in the undisturbed state of the medium, had the forms of equal 



Fig. 145. — Transverse Wave Displacements in an Elastic Solid. 


rectangular parallelopipeda lying along the axis. It is obvious that^ 
during the passage of a wave train, the elements near the crests and' 
troughs of the waves are distorted the least. A very small element, 
lying exactly at the crest or trough of a wave, will be undistorted, and 
will therefore possess no potential energy ; it will also, for the instant, be 
stationary, and will therefore possess no kinetic energy. An element 
passing through its position of equilibrium will be submitted to the 
maximum of distortion, and will therefore possess the maximum amount 
of potential energy ; it will also be moving with the maximum velocity, 
and will thus jDossess the maximum amount of kinetic energy. 
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Consequently, as an element recedes from its position of equilibrium, 
its kinetic and potential energies decrease together, until the maximum 
displacement is attained, when the energy of the element has fallen to zero. 
This energy has not been lost, but has been handed on to elements more 
in advance. Equal elements separated by a wave-length, or any whole 
numher of wave-lengths, are moving with equal velocities in the same 
direction, are equally displaced in the same direction, and possess equal 
amounts of energy. Equal elements separated by half a wave-length, 
or any odd number of half wave-lengths, are moving with equal 
velocities in opposite directions, their displacements are equal in 
magnitude but opposite in sign, and their energies are equal. It should 



Fig. 146.— Elements of an Elastic Solid, in the Path of a Transverse Wave Train. 


be noticed that the volume of an element remains unaltered (compare 
Fig. 144), since its faces perpendicular to the direction of wave pro- 
pagation are unaltered in shape or area, and remain at a uniform per- 
pendicular distance from each other. Each element is subjected to a 
shear perpendicular to the direction of wave transmission. 

^jT^^locity of Transmission of Transverse Waves in an 
Elastic Solid.— During the transmission of waves there is no 
progressive motion of the medium ; its constituent elements 
merely move to and fro across the direction of transmission, 
while the waves travel forward. Let the waves be transmitted 
with a velocity V in the direction of the horizontal arrow (from 
left to right). Fig. 146- 

Let us imagine the medium to be set in bodily motion, with a 
velocity V, from right to left. The waves will now remain 
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stationary in space ; an elcinc 77 t of the medium which, if theie 
were no waves, would move from right to left along the 
broken line (Fig. 146), with a velocity V, will now follow the 
course of the wave curve, and successively acquire the position 
and forms shown in Fig. 146. In passing the crest or trough 
of a wave, the element will for an instant be moving with a 
velocity equal to V j since its path is curved, a centrifugal force 
is called into play, and this must be just balanced by the 
shearing stresses exerted on its front and rear surfaces by the 
elements which respectively precede and follow it. By equating 
these quantities, we can obtain an expression for V in terms of 
the properties of the medium. 

Let B (Fig. 147) represent the crest of the wave curve ABC, which is 
traversed by the centre of gravity of the small element of which EDFG 

is the section. Let AB = BC. 
Join AC, and draw BM per- 
pendicular to AC. Through the 
three neighbouring points A, B, 
and C draw a circle, BLM, 
The centre of this circle will lie 
on BM. Then, if the points A, 
B, C, are very close together, 
the element EDFG will for an 
instant be travelling along the 
arc CBA of the circle BLM, 
Let the area of the end faces, of 
which EG and DF are the sec- 
tions, be equal to a. Also, let 
the perpendicular distance AC 
between these faces be equal to 
zhi. Then the volume of the 
element EDFG will be equal to 2abi, and if p is the density (mass per 
unit volume) of the medium, the mass of the element will be equal to 
aahip.. Let r be the radius of the circle BLM. Then the centrifugal 
force acting on the element will be equal to (z&’hipY^'jJr (p. 250). 

The shearing stresses acting on the faces of which EG and DF are 
sections, will be equal. Let DHKF and EGRS represent the sections 
of the equal elements which are respectively following and preceding the 
original element in its path along the wave curve. The points Cand N 
will be the centres of opposite faces of the element DHKF, while A 
and P will be the centres of the opposite faces of the element EGRS. 
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Join P and N by a straight line, and let its length be equal to abg ; let 
PN cut the diameter BM in a point at a distance ct^ from B. Also, let 
the straight line AC cut BM in a point at a distance Cj from B. Then, 
the shear between the faces DF and UK will be equal to C2 - O). Further, 
the distance between the opposite faces DF and PIK will be equal to 
(ba-bj), so that the shear per unit distance between the faces DF and 
ILK will be equal to (ca - Cj)/(b2 - bi). 

Since the lines AC and PN will be at right angles to BL, we have, by 
a well known property of a circle — 

ba® = 02(2;' -Oa) = zc^r-c^ = 2 Ca 7 ', 

since Ca is very small, and we may neglect Oa^ in comparison with 
(2C2’')-_ 

Similarly — ^ 

bi = Cl (zr - Cl) = 2C]7' - Ci‘-* — 2Ci7'. 
ba^ - bi^ = 27- (Ca - Cl). 

(be - bi) (ba + bi) = 27 - (Ca - cj, . = x 

ba-bi 7 - 

When the distance between opposite faces of DPIKF is very small, 
we may write (bg + bi) = 2bi, without any sensible error. Then— 

Cg ^1 2bi ^ bi 

bg-bi ~ 27 ' ~ r' 

Thus the shear, per unit distance, between the faces DF and liK, is 
equal to bi/?-. Let F be the shearing stress on either of these faces. 
Then (p. 268), 


where 77 is the simple rigidity of the elastic medium 

• p _ ■ ^bj 
r ' 

The force F will also be equal to the reaction which the sheared 
element DHKF exerts on the element EDFG. The sheared element 
EGRS will exert an equal reaction on EDFG, and the sum of these 
reactions, equal to 2F, must just balance the centrifugal force called into 
play by the motion of EDFG along the circular arc CBA. Thus 

2F = 2„-^i = 

7- r 

V 2 = and V = . . 

P V P 

T 



274 


LIGHT FOR STUDENTS 


Thus, the velocity of transmission of transverse waves throi 
elastic solid medium is equal to the square root of the ratio 
shear elasticity, to the density, of the medium. 

In obtaining this result we have made no assumption 
the wave-length or period of the transmitted waves. Tin 
velocity is the same for waves of all lengths, A particle 
elastic solid has no free period of vibration, and the res 
force called into play by its displacement is not proportio 
the displacement, but to the difference between that a 
displacements of neighbouring particles. If the boundar> 
of an elastic solid is constrained to execute a S.H.M. 
particle of the elastic solid will execute a S.H.M. ; but ■ 
merely an instance of forced vibrations, since a motion ( 
kind whatever would be transferred from the boundary 
to the constituent particles of the elastic medium. As wc 
seen, however, a disturbance of any kind whatever c; 
resolved into a series of simple hai-monic wave trains, s 
results obtained for the transmission of the latter ci 
applied to the general case of the transmission of an arl 
disturbance. 

Average Energy per Unit Volume of an Elastic 
transmitting Simple Harmonic Waves.— As already i: 
out, an element of an elastic solid possesses the ma: 
amount of energy, both potential and kinetic, as it 
through its position of equilibrium (p. 270). Further, 
waves are of the simple harmonic type, each element exei 
S.H.M. about its position of equilibrium, so that its v 
on passing through that position, is equal to 27r«/T, w 
and T respectively stand for the amplitude and period 
S.H.M. Let the volume of an element be equal to w, v 
as before, is equal to the density of the mediurn. Th 
mass of the element is equal to pv, and its kinetic 
on passing through its position of equilibi'ium, is ec 
\.pv . {2Tra'flT^ (p. 241); thus the maximum kinetic ene 
unit volume of the element is equal to — 

2P q-g • 

As an element recedes from its position of equilibri 
kinetic energy diminishes to zero as the point of its ma 
displacement is approached (p. 271). in a wave train c( 


XII VIBRATIONS AND WAVES 275 

ing a niunber of waves, there will, at any instant, be elements 
displaced to various extents, and therefore possessing vai'ious 
fractions of the maximum kinetic energy. Consequently, the 
average kinetic energy per unit volume of the elastic medium in the 
path of the wave train, will be ecjual to half the above maximum 
value, or to — , 


An element on passing through its position of equilibrium 
will be distorted (Fig. 146), and will thus possess potential 
energy. A value has already been found (p. 268) for the poten- 
tial energy per unit volume of a sheared element of an elastic 

medium ; this is equal to ^ x (shear per unit distance)^ j-. 

Let ABCD (Fig. 148) represent the section of an element 
passing through its position of ec|uilibrium, EF being a short 
length of the wave curve. From E draw 
EG perpendicular to AD. Then, it is 
obvious that the shear betw'een the faces 
AD and BC is ecjual to FG, and the 
shear per unit distance between AD and 
BC is ecfual to FG/GE. Let PQ repre- 
sent the axis of wave transmission, and 
let 6 be the angle at which the wave curve 
cuts the axis PQ. Then, we have — 

^ ’ Fig. 14S.— Sheared 

FG/GE = tan Element. 

But, as proved on p. 261, tan 6 = 27 ra/VT, where a, V, and 
T respectively stand for the amplitude, the velocity of wave 
transmission, and the period of the waves. Consequently, 
the potential energy per unit volume of the element ABCD is 
equal to — 

2 VGE/ 2 2 V^T'* 

From I'easoning similar to that employed with respect to the 
kinetic energy of the medium, it follows that the average 
potential energy per unit volume of the elastic medium in the 
path of the wave train is equal to — 

j {^Tvaf 
• y2'J'2 ’ 



T 2 
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(p. 273). Consequently, the average potential 
energy per unit volume is equal to the average kinetic energy per 
unit volume, and the average energy of both kinds per ixnit volume 
is numerically equal to — 

1 

2 P 'J'2 • 

Some important consequences may be deduced from this 
result. 

1. With waves of a given period, T, the energy per unit volume 
of the elastic medium is proportional to pa^, that is, to the product 
of the density and the square of the amplitude. 

2, The energy transmitted per second normally through an 
imaginary surface of i sq. cm. area, will be that coiiesponding 
to V c.c. of the medium, or Vp( 27 ra)V 2 T 2 . 

Waves of Circular Displacement.— Let us suppose that 
the plane boundary surface of an elastic solid is constrained to 
move in such a manner that each point in it describes a small 
circle in the plane of the surface. This motion is equivalent to 
two S.Ii.M.’s, of equal amplitudes and periods, but differing in 
phase by 77/2, executed in directions at right angles to each other 
(p. 242). These S.H.M.’s will generate corresponding wave 
trains travelling with equal velocities through the elastic 
medium, so that each particle of the latter will simultaneously 
execute two ecpial S.H.M.’s perpendicular to each othei, and 
differing in phase by tt/c ; in other woids, each paiticle of 
the medium will traverse a small ciiculai oibit, in a plane 
perpendicular to the direction of wave transmission. 

Spherical Waves,— When all points in a plane are^ con- 
strained to execute similar motions, plane w'aves will be 
produced in the elastic medium. If, however, a single point in 
the medium is constrained to execute a S.H.M. in a given 
direction, then waves will spread out in all directions from that 
point, so that the wave front assumes a spheiical foim. If the 
medium is capable only of transmitting transverse waves, the 
displacement at any point of the spherical wave must be 
perpendicular to the radius, or tangential to the suiface, of 
the sphere. But at a point on the spherical wave surface in 
a line with the direction of displacement at the centre, 
a displacement perpendicular to the radius would be per- 
pendicular to the displacement at the centre. Since the medium 
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has perfect freedom of motion, such a displacement cannot 
be produced, so that at points in a straight line with the direction 
of the central displacement the amplitude of the wave will he 
equa to zero. The arnplifude will have a maximum value 
at points on the spherical wave surface which are at right 
angles to the direction of the centi'al displacement. 

For a given dii'ection of transmission the amplitude will be 
inversely proportional to the distance from the point at which the 
disturbance originates. To prove this statement, let us mark off 
a small element of area a, on a spherical surface of radius rj, and 
J-aw straight lines from the centre through the boundary of 
this element ; we shall thus obtain a cone which will cut off an 
area a,^ from a sphere of radius Now aj/ag = Let 

«iand^ be the respective amplitudes at distances r^and r, 
horn the centre. Then the energy traversing the area Uj, at a 
distance from the centre, in one second, will also traverse 
dieaiea aa, at a distance from the centre, in one second. 
Therefore (p. 276), 

axVp_(2miJ^ _ agVp (27rc2;«)i^ , 

2 T^ ‘ , 




^2 
"^2 f 


and fh = 

«2 ^ 1 

Elastic Solid with Particles capable of Tree Vibrations 
embedded in it.— We have already (p. 254) investigated the 
motion of a paiticle capable of free vibrations 
about a position of equilibrium which itself 
executes a S.H.M. Let us now extend this 
investigation to the motion of an elastic solid, 
embedded in which are great numbers of par- 
ticles capable of free vibrations. To fix our 
ideas, let us suppose that heavy particles are 
supported, by means of zigzag springs, inside 
massless spherical shells (Fig. 149), which, 
on their external surfaces, are rigidly fixed 
to the elastic solid. When the elastic solid 
IS at rest, the heavy particles will occupy their 
positions of absolute eqitilibrkcm (p. 256), at the centres 
the stationary spherical shells. When the elastic solid 



Fig. 149. — Vibi'ating 
Particle embedded ia 
Elastic Solid. 


. i LiiG ClclSUG bonci IS 

displaced, the spherical shells will be carried with it. The 



278 


LIGHT FOR STUDENTS 


CHAP. 


first effect produced will be to compress some of the zigzag 
springs, and to extend others, so that forces will be exertecl 
on the heavy particles proportional to their relative displace- 
ments from the centres of the shells. Ec^ual and opposite 
reactions will he exerted on the shells, and thus on the 
elastic solid ; these reactions will profoundly modify the 
nature of the waves transmitted through the elastic solid. 

The following points of importance may be deduced from 
Fig. 138 (p. 254):— 

1. On starting the waves through the elastic solid, the motions of the 
embedded particles will at first be of an apparently irregular nature, 
due to the circumstance that they, at first, simultaneously execute 
free and forced vibrations. After a time, however, the free vibrations 
die down (p. 254), and the particles execute only forced vibrations in the 
period of the waves. The following arguments apply only to the time 
subsequent to the acquisition of this permanent state. 

2. As an element of the elastic solid passes through its position of 
equilibrium, the heavy particles embedded in it will swing through their 
positions of absolute equilibrium. At this point no reaction is exertecl 
on the elastic solid by the embedded particles. 

3. As an element of the elastic solid recedes from its position of 
equilibrium, the relative displacements of the particles embedded in it 
increase, and reach a maximum value when the element reaches its 
position of maximum displacement at the crest of a wave. At this 
point the reaction exerted on the elastic solid by the embedded particles 
reaches a maximum value. 

T^elocity of Wave Transmission. — This can be found in a 
manner similar to that employed on p. 271, if we make allow- 
ance for the reactions of the embedded particles. 

Let F be the reaction exerted by an embedded particle on an element 
of the elastic solid when the displacement of the latter is equal to a, 
the amplitude of a wave. If there are n particles distributed uniformly 
through each unit volume of the medium, the number comprised in the 
element of which EDFG (Fig. 147), is a section, will be equal to 
H X 2 al)x, where a and b, have the same significations as on p. 272. 
Let us assume that the embedded particles are so numerous that a con- 
siderable number are comprised in the element EDFG, while their 
volumes are so small that no appreciable amount of the elastic solid is 
displaced, in order to make room for them, and no change i.s produced 
in the rigidity, 77. As the element EDFG passes the crest of a wave, 
the centrifugal force, together with the sum of the reactions of the 
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embeddecl particles tending to increase the displacement of the element, 
must be balanced by the shearing stresses on the faces DF and EG. If 
V denoies the velocity of wave transmission through the elastic solid 
with the heavy particles embedded in it, we have — 


2ahipV^ 


+ 2abi«r 


2^jabi 


^ _ v2= 

‘ ‘ P P 

■p 2 

From p. 256, we find that F = /a 

T - 1 1“ 

where / is the restoring force per unit displacement of the heavy particle 
from its position of relative equilibrium, T is the period of the waves, 
and 1 j is the free period of the heavy particle. Consequently, the value 
of V will be different for waves of different periods. Let -nip = 
where Vg is the velocity of wave transmission through the elastic solid 
when the heavy particles are not present. Then— 


V„2 


~ ra — . 


T^, 


(I) 


pT^-Tx^ • • • 

We must now find the value of r, the radius of the circle passing 
through three nearly coincident jDoints in the neighbourhood of a crest 



Fig. 150. — To determine the Radius of Curvature at the Crest of a Wave Curve. 


of the wave curve. Let DBE (Fig. 150) represent part of the wave 
curve obtained in the manner explained in connection with Fig. 140 
(p.260). Let GHKM be the circular path of the tracing point, the motion 
of which determines the S. H. M. executed by the pencil point. A and C 
represent two points equidistant from, and on opposite sides of, the 
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crest B of the wave ; then, while the pencil point described the arc 
ABC of the wave curve on the moving paper riband, the tracing point 
moved from G through H to K. Join CA, and draw BN perpendicular 
to CA, cutting the latter in F. Through C, B, and A describe the circle 
CBAN. The centre of this circle will be on the line BN : let its radius 
be equal to r. Let the time required for the pencil point to describe 
the arc AB be equal to t. Then in this time the paper riband will have 
moved onward through a distance Yt, which is thus the length of the 
line FA. Let BF = S. Then, by a property of the circle which we have 
frequently had occasion to use, we have, if 5 is very small — 

2r. S = (FA)‘-^ = (V/)2. .-. S = . , . (2) 

It is obvious that LH will also be equal to 5. Further, the tracing 
point describes the circle GIIKM, of radius equal to a, in a time T ; 
thus, it moves with a velocity equal to zirafT, and the arc GH, described 
in the time will be equal to 2irflif/T. If G is very near to H, the 
straight line GL will be approximately equal to GFI. Then, since 
(GL)'^ = (PIL) (LM) = (HL) (HM) to a first approximation, we have — 

■■■ = (S’/- 

Substituting this value of ru: in (i), we obtain— 


Vo 2 -V“ = «/-3^ .... ( 3 ) 

{2-nfp- T-^-Tf 

fT “ 

Let/ — -h = K. Then, substituting in (3) and dividing both sides by 

[ZTr)“p 


we obtain the equation - 


_ T2 

Y2 ^ ~ 'p2 _ q’^2 


(4) 


This equation gives us V (the velocity of wave transmission through 
the elastic solid containing particles capable of free vibration) in terms 
of Vq (the velocity of wave transmission in the elastic solid when the 
heavy particles are absent),; T (the period of the waves), and Tj (the 
time of free vibration of the embedded particles). 


^ We shall discuss this equation in tonnection with the disper- 
sion of light by material substances. It need only be remarked 
here that when the right hand side of (4) is positive (as will be 
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the case when T > T^), V will be less than V„. When, however, 
Ti, the right hand side of (4) will be negative, and V will be 
greater than Vq. 

If the elastic solid contains two sets of heavy particles, pos- 
sessing free vibration periods equal, to Ti and respectively, 
the velocity V for transverse waves of period T will obviously 
be given by the equation, 

ya I - /q Ki yij _ ^^2 + /q Ky j a 

where ?qand «2 are the numbers, jrer unit volume, of particles of 
the two kinds. 

^ Lastly, let us suppose that the vibrating particles are all 
similai, but that the motions of each are controllecl by three sets 
of springs of different elasticities. We may suppose, for in- 
stance, that the horizontal and vertical springs shown in Fig. 149 
have dififeient elasticities, while a third pair of springs, at right 
angles to the plane of the paper, has yet another elasticity. The 
vibrating particle will then have three distinct periods of vibra- 
tion, according as the direction of its vibration coincides with 
that of the first, second, or third pair of springs. Then, if these 
particles are arranged regularly in the elastic solid, with the 
similar springs in the same directions, transverse waves will 
be transmitted Avith different velocities, according as the direc- 
tion of displacement of the waves coincides with that of the first, 
second, or third pair of springs. In other Avords, we should 
hc^e an elastic solid Avhich transmits transverse waves of any 
given period Avith a velocity depending on the direction of 
transmission. 

Average Energy per Unit Volume.— From the nature of the 
argument used on p. 254, it is clear that the reactions of the 
embedded particles produce an apparent increase (when 
T > Tj) in the inertia of the elastic medium. 

The embedded particles will themselves possess an amount of energy, 
which in certain cases may be considerable. But after the acquisition 
of th^ permanent state (p. 27S), a part only of the energy possessed by 
a vibrating particle will be interchanged with the elastic medium. This 
part, Avhich may he termed the available energy of a particle, is 
equivalent to the work done on the medium by a particle as it swings 
from its position of absolute equilibrium to that of its maximum dis- 
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placement, while its position of relative equilibrium is displaced through 
a distance a, equal to the amplitude of the waves. The value of this 
work is given by W, equation (3), p. 256. At a given instant some of 
the particles in the path of a wave train will be at their positions of 
maximum displacement, and so will have parted with all of their 
available energy. Some will be passing through their positions of 
absolute equilibrium, and will possess the maximum available energy. 
Between these two extremes there will be particles possessing various 
fractions of their maximum available energy, so that the average 
available energy possessed by the particles embedded in unit volume 
of the medium will be equal to mW/ 2, or 


nf 


t;-* 

4 -T^-Ti'-^ 


( 5 ) 


where n is the number of particles per unit volume. This will represent 
the increase, due to the presence of the vibrating particles, in the kinetic 
energy per unit volume of the medium. 

Proceeding as on p. 275, we find that the average potential energy 
per unit volume is equal to — 

4 V^‘ 


If the vibrating particles were absent, the average potential energy 
per unit volume would be equal to the same cpiantity with Vq, substi- 
tuted for V. lienee the increase in the average potential energy per 
unit volume, due to the presence of the vibrating particles, is equal to — 


l^{2iraf / I I \ 

"V/ 


( 6 ) 


But 7j = pVq^ (p. 272). Substituting in (6) we obtain, by the aid of 
(4), p. 280, 


^[^a)yfy/ 


I 



pji ./Tl_ 
T2 • P ’ (zirfp 


T“ 




This value is equal to that given by {5) for the increase in the average 
kinetic energy per unit volume due to the ]Dresence of the vibrating 
particles. Hence, the presence of the vibrating particles increases the 
kinetic and potential energies of the medium to equal extents. Thus 
an apparent increase in the density of the medium is produced ; if 
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p' is the effective density of the medium for waves of period T, we have, 
following the iDrocess used on p. 274, and using (5), 


ip 




,{2Traf _ ^ (27ra)‘-^ 

p: = T + 

P (znfp - Tp 


r, = I + nK 




- T/-^' 


When the period of the transmitted waves is equal to the 
free period of the vibrating particles (z.e. T = T^) this value of 
p' becomes infinite. For other values of T, p will have definite 
values, so that the effect of the vibrating particles is to endow the 
medium with an effective density p', which varies with the period of 
the transmitted waves. 

Phase Change on Reflection.— Let us suppose that plane 
waves of transverse displacement, after traversing an elastic 
medium, are incident normally on the plane boundary surface of 
the latter. First, let us suppose that this boundary surface is 
irnmovable, as if it were fixed to a rigid wall. In this case the 
displacement at the boundary surface must be equal to zero. 
With a single train of waves this condition could not be satisfied. 
On the other hand, when two similar wave trains travel with 
equal velocities in opposite directions, stationary points, or 
nodes, are formed in the resultant stationary wave train (p. 264). 
If one of these nodes is formed at the boundary surface, there 
will be no displacement there. Consequently the incident wave 
train must, at the boundary surface, originate a reflected wave 
train of equal amplitude, the two producing a node at the 
boundary surface. But, at a node, the displacements due to the 
component waves must always be equal in magnitude and 
opposite in directions, or must differ in phase by it. Consequently, 
the reflected and incident wave trains must differ in phase by ir. 

If a wave train transmitted through an elastic medium is in- 
cident on a surface separating the medium from another of 
much greater density, the effect will be practically the same ; 
the amplitude of the waves transmitted into the second medium 
will be excessively small, and the resultant displacement at fhe 
separating surface must be excessively small, so that a reflected 
wave train differing in phase by tt from the incident train must be 
produced. More generally, when waves are incident on the 
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boundary surface of a second medium wMch. is denser than the 
first, the reflected wave train will differ in phase by tt from the 
incident train. On comparing Figs. 142 and 146, it will readily be 
seen that a node is a point at which the distortion of the medium 
attains a maximum value. This distortion can only occur when 
the second medium is denser, or set in motion less readily, than 
the first medium. A difference of effective density (p. 283) will 
serve the same purpose as a difference of I'eal density. 

When waves are incident on a free boundary surface, a node 
cannot be formed there, since the constraint necessary to pro- 
duce distortion will be absent. In this case the incident waves 
(which convey energy up to the surface) and the reflected waves 
(which carry it away) must combine to form an antmode at the 
boundary surface. Since at the surface the displacements of 
the two wave trains are equal and in the same direction (p. 265), 
the phases of the incident and reflected wave trains must be 
equal. More generally, when waves are incident on the boundary 
surface of a second medium, which is less dense than the first, the 
phases of the incident and reflected wave trains will be equal. 

The nature of the phase change produced by reflection is often ex- 
plained by analogy with the impact of elastic spheres. Let two elastic 
spheres be suspended by fine filaments so as to form pendulums, and 
let the spheres just touch when in their positions of equilibrium. If 
one of the spheres is displaced, and then allowed to impinge on the 
other, both spheres will, after impact, move on together, if the im- 
joinging sphere is heavier than the sphere which is struck. In this case 
the phase of the S.H.M. executed by the impinging sphere is hot 
altered by impact. If, on,, the other hand, the impinging sphere is 
lighter than the sphere struck, the two will move in opposite directions 
after impact, the lighter sphere rebounding, so that its direction of 
motion is reversed by the impact. This corresponds to a change of 
phase amounting to tt iir the S.H.M. executed by the impinging 
sphere. 

In a stationary wave train formed in an elastic solid, the energy 
^'i|l,; be wholly kinetic at the instant when the displacement 
curve takes the form of a straight line (Fig. 142), and wholly 
potential when the antinodes have reached their position of 
maximum displacement. An element of the medium situated 
at an antinode will never possess any potential energy ; it will 
possess the maximum amount of kinetic energy as it swings 
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through Its position of equilibrium, while it will possess no 
energy at all at its position of maximum displacement. An 
element at a node will possess the maximum amount of poten- 
tial_ energy at the instant when the antinodes have acquired 
their maximum displacements, and will possess no energ-y at 
all when the antinodes swing through their positions of 
equilibrium. 

Questions on Chapter XII 

f I’o*’ to 

the lesuJt of adding together two simple vibrations of different 
frequencies. (Lend. Inter. Sci, Pa.ss, 1898 ) ^ 

2. Assuming that the velocity of the bob of a simple pendulum at 
the mid point of its swing is equal to the velocity of a point moving 
uniformly round a circle of radius equal to the amplitude of the 
pendulums vihrahou and with an equal period, and aastlmlng also that 
the kinetic energy of the bob in the middle of its swing is iiiimericallv 
the, same as its potential eneigy at the end of its smnj, prove that the 

number of swings it makes in one second is ± /£ ; where g is the 

acceleration of gravky and / is the length of the pendnhim. (Lend. 
Int. Sci. Hons. 189S.) 

3. Show how to find the resultant motion obtained by compounding 

together two equal uniform circular motions, of the same period in the 
.same plane : {a) when the two motions are in the same sense : (b) wlien 
they are 111 opposite senses. What will be the resultant motion if the 
two circular motions are in opposite .senses, and differ very sliehtlv 
from one another in period ? (Loud. B.Sc. Pass, 1899.) ^ ^ 


CHAPTER XIII 


THE WAVE THEORY OF LIGHT 

The Luminiferous Ether. — The fact that light is transmitted 
more slowly in a highly refracting medium (such as water) than 
in air or in a vacuum, gives us decisive evidence against the 
corpuscular theory of light. Our only alternative is to seek an 
explanation of the phenomena of light in terms of waves. But 
waves can only be propagated through a continuous medium. 
Consequently, in order to account for the arrival at the earth of 
light from the stars, we must assume the presence, in the in- 
tervening space, of a continuous medium capable of transmitting 
waves. This medium is termed the Luminiferous Ether. Its 
properties cannot be directly apprehended by the aid of our 
senses, but must be inferred from the prope;rties of the waves 
transmitted through it. In the first place, it must possess 
inertia, or the propei'ty of acquiring kinetic energy when set 
in motion. In other words, the ether must possess a definite 
density. It must also possess the property of acquiring potential 
energy when strained. In other words, the ether must possess 
elasticity. In deciding as to the nature of this elasticity, we 
must be guided by the experimental evidence which we possess, 
relating to the behaviour of light in various circumstances. 

•Si, Wave Propagation. — As far as we know, light can only 
be generated by the agency of material bodies. Thus, the 
sun, and (presumably) the stars, are material bodies emitting 
light. A candle or gas flame, a red-hot poker, the incandescent 
filament of an electric glow lamp, and a glow-worm, are all 
instances of material bodies which, under appropriate condi- 
tions, generate light, or produce waves in the luminiferous ether. 
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Let us suppose that light is generated by material agency at 
a point O (Fig. 151).^ Let us also assume that the properties of 
the ether are similar in all directions. Then, the ethereal waves 
pioduced will spread out from O as centre, in the form of spherical 

sheets (p. 276). Let ab represent 
part of a particular wave - front 
(p. 269) ; this will be an imaginary 
surface, described through contigu- 
ous particles of the ether which are 
in the same phase of vibration. To 
fix our ideas, we may suppose that 
all particles in this surface are just 
moving through their positions of 
equilibrium in directions which, 
Fig. 151.— Propagation of with regal'd to the wave front, are 
similan After a time, the par- 
•I ■ 1 imaginary surface, of 

moving in a similar manner, 
may say that m this time the wave front has travelled from 
the position ab to that oictb'. Since the disturbance originated 
at O we may for certain purposes, look on the wave front as a 
condition of the ether which is transferred from O, to one after 
another of a senes of imaginary spherical surfaces with O as 
centre, the ladius of the spherical surface reached at any instant 
being equal to the distance through which light can travel in 
n fias elapsed since the wave front originated 

at O. But, fiom another point of view, we must follow Huyghens 
in considering each point in a wave front as an independent 
source of disturbance which originates a secondary wave, or 
wavelet, the new wave front being produced by the combined 
effect of the innumerable wavelets which originated at points 
in the old wave front. With M, M', .... as centres, describe^ 
small spheres to represent the wavelets generated at points in 
the sphencal wave front ab. These wavelets touch a sphere 
a , of which the centre is at O ; this spherical surface will 
include all the particles to which the displacement and motion 
chmacterising the old wave front has been communicated, and 
will thus constitute the new wave front. 

If the distance of the wave front from the point of origin O is 
very great, a finite portion of the wave front will be sensibly plaie, 
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just as the surface of a small lake, which is really a portion of 
a spherical surface concentric with the earth, is sensibly flat. 
Thus, the waves reaching us from the stars are sensibly plane. 

The process described above represents the method of pro- 
pagation of waves in geneVal. A difficulty now piesents itself, 
which is of a character so serious, that it led Newton to discard 
Huyghens’s wave theory of light. It is well known that sound 
waves can bend round corners, while the propagation of light 
is sensibly rectilinear. Before proceeding to the explanation of 
the particular phenomena of light, this difficulty must be dis- 
-^posed of. 

Huyghens’s Zones. — Let plane waves be propagated in the 
direction from P to O (Fig. 152). The various wave fronts will 
be perpendicular to the 
line OP, and will suc- 
cessively pass through 
the imaginary plane 
ABCD, perpendicular 
to OP. Thus, at any 
instant the displace- 
ments of the various 
particles in the plane 
ABCD will be exactly 
similar and equal, or 
the particles will be 
in the same phase of 
vibration. If the waves 
are of the simple har- 
monic type (p. 269), 
each particle in the plane ABCD will execute a S.H.M. as a plane 
wave front moves, from the position occupied by ABCD, through 
a distance equal to one wave-length. But the vibration of each 
particle will generate a spherical wavelet, which spreads out 
from the particle as centre, and successively passes thiough 
all points in the medium. At any given instant wavelets origi- 
nating from the various particles in the plane ABCD will be 
passing through the point O, and the resultant disturbance at 
O will be due to the combined action of all of these wavelets. 
It is obvious that the phases of the wavelets will differ, for all 
travel with the same velocity, and some originated at points in 
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the plane ABCD which are more distant from O than others. Let 
OP, the distance of the nearest point, P, of the plane ABCD, be 
equal to b, and let X be the length of the transmitted waves. With 

O as centre, and radius equal to ^ describe a sphere cutting 

the plane ABCD in the circle :Mi. Let wavelets from P and 
from points on Mj simultaneously pass through O. Then, since 
points on the circle Mj are at a distance from O which is 
greater by X/2 than the distance b of the point P, the wavelets 
originating from points on Mj must have started T/2 seconds 
earlier than the wavelet from P, where T is the period of the 
waves. Consequently the wavelets from will differ in phase 
by fT from the wavelet from P, and wavelets originating from 
any point within the circle ty'ill differ in phase by less than tt 
from the wavelet from P. The space enclosed by the circle 
is termed the first half-period zone. 

With O as centi'e, and radius {b + X), describe a second 
sphere cutting ABCD in the circle M2. Then wavelets from 
points on M2 will differ in phase by tt fi-om the wavelets from 
Ml, and by 27 r from the wavelet from P. The space between 
the circles Mi and Mg is termed the second half-period zone. 

In a similar mannei', with radii respectively equal to +-^ j, 

{b + 2X), {b -h .... etc., describe spheres dividing the 
plane ABCD into an indefinite number of half-period zones. 

We must now determine the area of a half-period zone. Let AB 
(Fig. 153) represent a section of the plane ABCD (Fig. 152) by a plane 
passing through the points O and P. Then the area of the first half- 
period zone is equal to ir x (PMi)^. 

Also — 

(PMi)‘^ = (OMi)''^ - (OP)2 = ^ -f - b’^ 



Now when A, the wave-length of the undulations, is very small, A^ 
will be negligible in comparison with bK. In that case — 

(PMi )2 = bK, 

and the area of the first half period zone is equal to rbK. 


u 
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The combined areas of the first and second half-period zones will be 
equal to tt x (Pivr2)’^. As before — 

(PMa)^ - (OMa)^ - (OP)" = [6 + ^ -|- A" - = a^A, 

neglecting A" in comparison with 2b\. Thus, the combined areas of tlie 
first and second half-jDeriod zones 
are equal to aw^A, or to twice the 
area of the first zone, and the area 
of the second half-period zone is 
equal to that of the first, or 
to TrfiA. 

Proceeding in a similar manner, 
we find that the combined areas of 
the first three half-period zones are 
equal to ti x (PM^)" = Stti^A, and 
since the combined areas of the 
first and second zones are equal to 
aTT^A, it follows that the area of 
the third half period zone is equal 
to to^a, or to that of the first 
zone. 

Similarly, it is easily proved 
that when A is small, the areas of all of the half-period zones 
are equal. 

It may be noticed that the radii of the circles bounding the various 
zones are respectively equal to .... and 

are thus proportional to the square roots of the natural numbers. 

The displacement D at the point O will be the resultant of 
the displacements due to the wavelets arriving there from various 
points in the plane ABCD. Let be the displacement at O 
due to the combined action of the wavelets from points in the 
first half-period zone. The phases of these wavelets will vary 
between o and tt ; if we knew the amplitude and phase of each 
wavelet, we could find their resultant by the method explained 
on p. 248. As it is, there is no great difficulty in seeing that 
the phase of the resultant will approximately be equal to the 
mean of the phases of the components, and will thus diHer by 

TT 

- from the phase of the wavelet from P. 

The displacement at 0 due to the combined action of wavelets 



Fin. 153. — Half-period Zones, 
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from tho second half-period zone may be written equal to 
-d.^. P'or the phases of these wavelets will vary between ir and 
27 r, and the phase of the resultant will be approximately equal 

to so that it will differ by tt from' the phase of d^ ; hence 

the minus sign, showing that the displacement is opposite to 
that of d^^. 

The displacement at O due to the combined action of the 
wavelets from the third half-period zone may be written down 
as r/;i. The phases of these wavelets ' vary between 27 r and 3^-, 
so that the phase of the resultant is equal to Stt/c, which differs 
by 2n from the phase of A positive sign is prefixed, since 
harmonic displacements differing in phase by 27 rarein the same 
direction. The displacements due to wavelets from the fourth, 
fifth, sixth, &c., zones, may, for similar reasons, be written down 
as respectively equal to -■rz'4, +d^, -d^, , &c. Hence — 

D = di_-d2 + ds-di+d^-dQ + dT- (i) 

It will now be shown that the displacsment due to wavel,ets 
from any half-period zone is num-erically equal to half the suin of 
the displacements due to the wavelets from the preceding and suc- 
ceeding zones. 

Since the half period zones are all equal in area, an equal quantity of 
energy will be transmitted through each. Thus, the amplitudes of 
spherical wavelets of equal radii will be equal (p. 276), while in general 
the amplitudes of different wavelets will be inversely proportional to their 
radii. Since the distance of a zone from the point O increases with the 
order of the zone, the numerical values of t/g, . . . , though 

nearly equal, will be in a descending order of magnitude. Thus, Vg 
will be slightly smaller than fl'i, and slightly greater than (/g, and, to a 
close approximation, (fg = {d^ + d^j-z. 

Similarly, d^^ — (d^ -t- rfjl/z, and df. = (dr, + d‘;)/ 2 , &c. 


Now, (i) may be written - 






"f" 


0 


-t- dh 


- d,. -t- 


Each of the terms enclosed in brackets is equal to zero, so 
that the resultant displacement at O, due to wavelets from all points 
of the plane ABCD (Fig. 152), will he equal to half the displacement 
due to the wavelets from the first half-period zone. 



292 


LIGHT FOT STUDENTS 


CHAl’. 


It may be noticed, in passing, that the phase of the resultant displace- 
ment at O will be equal to that of and this, as proved above, is 

behind that of the wavelet from the point P by 

Rectilinear Propagation of Light. — Experience shows that 
a very small body, even when placed at some distance in front 
of the eye, will entirely hide a star from view. Consequently 
light does not appreciably bend round corners, as sound does. 
The above investigation shows that this result is quite consistent 
with the wave theory of light, provided that the length of a light 
■wave is very small in comparison with ordinary magnitudes. We 
have found that the phases of the displacements due to wave- 
lets from successive half-period zones differ by tt, and are there- 
fore in opposite directions. The magnitudes of the displace- 
ments due to wavelets from successive zones decrease with the 
order of the zone, the oi'der of a zone being its number, count- 
ing that of the central zone as unity. But as the order of the 
zones increases, their effects at the point O (Fig. 152) become 
more and more nearly equal in magnitude, so that the displace- 
ment due to wavelets from any zone of high order is just cancelled 
by that of the next succeeding zone. Thus, if an obstacle is 
sufficiently large to cover up the first few half-period zones, the 
wavelets from the remaining zones will just cancel each other, 
and no light will be perceived by the eye, ’ 

In order to appreciate the difference between the propagation of sound 
and light waves, it may be remarked that the wave-length, A, corre- 
sponding to the middle C of a pianoforte, is about 120 cm. If we 
suppose that the plane ABCD is situated at a distance b = 100 cm. 
from the ear, the radius of the tenth half-period zone, equal to 
will be approximately equal to 300 cm. It has been found that the 
wave-length corresponding to the yellow light emitted by a Bunsen 
flame, into which some common salt has been introduced, is roughly 
equal to 6 x io "5 cm. It we suppose the plane ABCD to be situated at 
100 cm. fr^ the eye, the radius of the tenth half-period zone will be 
equal to ^‘06 — o'l cm. Thus, the screening action, with regard to light, 
of an obstacle only a few millimetres in diameter, is equivalent to the 
screening action, with regard to sound, of an obstacle several metres in 
diameter. 

The screening action of a comparatively small obstacle with 
legard to sounds 'of high pitch can easily be observed. 
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Expt. 54. — Hold a watch at a distance of 30 or 40 cms. from the 
ear, and notice the effect of placing your flat hand, or a small card, at 
a distance of from 5 to lo cm. in front of your ear. The sound is appre- 
ciably deadened, the waves of short length being most affected, so that 
much of the metallic ring is destroyed. The shrill whistling sound pro- 
duced when a locomotive engine blows off' steam Uray be deadened in 
a similar manner. 

Light Rays. — Let AB (Fig. 154) represent one of a series 
of plane light waves travelling parallel to PO. The resultant • 

displacement at any point, 
O, is equal to half the dis- 
placement due to wavelets 
from the first half-period 
zone surrounding P. The 
diameter of this zone will be 
very small, since the wave- 
length of the light is small, 
so that the disturbance 

reaching O has. travelled 

Fig. 154. — Formation of Light Rays. sensibly along the line PO. 

Thus, PO is the light ray 
reaching O. It consequently appears that a train of plane 
light waves is equivalent to a pencil of parallel rays. Similarly 
it can be proved that a train of spherical waves is equivalent to 
a conical pencil of rays. 

4. Reflection of Plane Waves.— Let AB (Fig. 155) represent 
the trace of a plane wave front which is perpendicular to the 
plane of the paper. Let this wave front be incident on the 
plane surface of separation of two different media, also per- 
pendicular to the plane of the paper, and let AA' be the section 
of this surface. As the incident wave travels in the direction of 
the arrows, it will sweep along the surface AA', and the ether 
particles situated near to AA' will be sucessively disturbed. If 
the properties of the media above and below AA are different, 
the conditions determining the motion of an ether particle situated 
just above AA will be affected by the presence of the lower- 
medium. If the lower medium is denser than the upper- 
one, the particle will be unable to move so freely as it other^wise 
would^ since it will now have to set in motion a particle oi the 
derrser medium. If the lower tnedrum is less dense tharr the upper 
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one, the particle will possess greater freedom than it otherwise 
would (p. 283). In either case, as the incident wave passes each 
particle along AA', a spheri- 
cal Avavelet will be originated 
in the upper medium, which 
will increase in radius at a 
rate equal to the velocity of 
wave transmission im that 
■ medium. The wavelet which 
originated at A will have ex- 
panded to B' by the time the 
incident wave has reached A'. 

Let A'D represent the posi- 
tion which the incident wave 
would now have occupied but 
for the presence of the lower medium. From A, M, and B draw 
the straigdit lines AD, MN, BA', perpendicular to AB. Then the 
radius of the spherical wavelet B' will be equal to AD or BA', 
since the incident wave and the spherical wavelet travel with 
equal ^ velocities. Other wavelets have meanwhile originated 
at points betw'een A and A', but as these started after that at 
A, they will not have travelled so far. The radius of M', 
the spherical wavelet which originated at P, will be equal 
to PN. 

A straight line through A', perpendicular to the 25aper, will jDass 
through the particles which are just being disturbed by the-'! 
incident wave, and wdiich are just about to orig'inate spherical 
wavelets. Through this straight line draw a plane A'B' tan- 
gential to the wavelet B'. Then this plane will touch all the other 
w'avelets. 

To prove this, draw AB' and PM' perpendicular to A’B'. Then in 
the right-angled triangles AB'A' and ADA', the sides AD and AB' are 
equal, and AA is common to both. Plence the triangles are equal in 
all respects, a-nd z AA'D = z AA'B'. In the two right-angled 
triangles PA'M' and PA'N, z PATP = z PA'N, the angles at M ‘and 
N are right angles, and therefore the remaining angles A'PM' and A'PN 
are equal. Also PA is the common hyjiotenuse to these triangles 
Consequently the triangles PAM' and PA'N are equal in all respects’ 
and PM' = PN. But the radius of the wavelet from P is equal to PN • 
thus, the wavelet from P will touch the line A'B' at M'. 



Fic. 155.— Reflection of Plane Wave at 
Plane Surface. 
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It follows that A'B' is the section of the reflected wave front. 
The plane of the latter (which passes through a straight line 
drawn through A' perpendicular to the plane of the paper) will 
obviously be perpendicular to the plane of the paper. 

Since AA'B' = ^ AA'D, and z AA'D = / A'x\B, the incident 
and reflected wave fronts are equally inclined to the surface AA'. The 
normals MP and M'P to the incident and reflected waves are in the plane 
of the paper, which also contains the normal to the surface AA'. Hence, 
the normals to the incident and reflected waves, and the normal to the 
reflecting surface, are in the same plane. Further, since the triangle 
AB'A' is equal to the triangle ADA', and, by construction, the triangle 
ADA' isequaltothe triangle A'BA, it follows that z A'AB' = z AA'B, 
and similarly z A'PM' = z ARM. Thus, the normals MP and PM' 
to the incident and reflected waves are equally inclined to the sur- 
face AA', and are consequently equally inclined to the normal to 
that surface. 

So far we have investigated the formation of the reflected 
wave fronts. We must now investigate the formation^ of the 
reflected rays. In the first place, the disturbance at A is due 
to the wavelets from the half-period zone surrounding B (p. 293), 
and has travelled along BA', so that BA' is an incident ray. 
Similarly MP is an incident ray. We must now prove that the 
disturbance at M has travelled along the line PM', which will 
thus constitute the reflected ray. 


Let AB (Fig. 156) he the incident wave, while A'B' is the cone- 
snonding reflected wave. Through A; describe a plane, AD, parallel to the 
^ reflected wave front B'A. Draw 

the line A'D parallel to B'A, and 
produce M'P backwards to cut AD 
in Q. Then the displacements at 
all points in the path of the reflected 
wave will be exactly reproduced if 
we remove the lower medium, sup- 
press the incident wave AB, and 
imagine that a wave front, in which 
the displacement is exactly equal 
to that in the reflected wave A'B', 
starts from AD at the instant when, 
in reality, the incident wave passes 
Ihrouch Ihs position AB. For QP = MP, and DA' = BA ; therefore 
the ether particles along AA' will be disturbed rn a sinnlai succession 
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by the imaginary wave AD as by the real incident wave AB, The 
magnitude of the disturbance of each, particle due to the reflected 
wave will also be equal to that produced by the passage of the imaginary 
wave AD. Hence, we may consider the reflected wave front ATT 
to be produced by wavelets formed at all points of the imaginary wave 
A.D. The line M'Q will be perpendicular to the plane AD, so that the 
disturbance at M' is due to the wavelets originating in the half-period 
zone surrounding Q (p. 293). Consequently, this disturbance has travelled 
along QPM', which gives the corresponding ray. The real portion 
of this ray, from P to M', will be the ray reflected from P. By similar 
reasoning it may be proved that AB' is the ray reflected from A. 

Thus, the incident ray MP gives rise to the reflected ray PM'. 
Since the lines MP and PM' are in the same plane as the 
noimal to the surface AA', and are equally inclined to the latter, 
the wave theory gives a satisfactory explanation of the laws of 
reflection (p. 6). 

Problems on Reflection.— The following examples will serve 
to show how particular problems relating to reflection may be 
solved by the aid of the wave theory. 

E.xami>le i. Reflection of Spherical Waves at a Plane Surface - 
Let spherical waves originate at O (Fig. 157), and be reflected at the 
plane surface AC. 

Let OB be per- 
pendicular to AC. 

Then B will be the 
first point of the 
surface reached by 
a wave DBF from 
O. A spheilfcal 
wavelet will ori- 
ginate at B, at the 
instant when the 
wave DBF passes 
that point. Let 
AGC be the posi- 
tion which would 
have been occu- 
pied by the wave 

DBF after a short intervaf of time, were it not for the presence of the 
surface AC. In this interval the wavelet from B wib W 1 

a radius BH equal to BG. Wavelets are just on 
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from A and C, while at points between C and B, A and B, wavelets 
will^ have already started. It is evident that these wavelets all touch 
a circular arc AHC, which is exactly similar to AGC. Then AHC 
is the trace of the reflected spherical wave on the plane of the paper. 

The centre of the sphere will be at O', a point as far behind ABC as 
ABC^^^ same. O' is the reflected image of 0 in the surface 

Example 2. Reflection of Spherical Waves at a Spherical Surface. 

—Let spherical waves originate at O (Fig. 158), and be reflected at the / ' 
spherical surface ABC, of which R is the centre of curvature. As an j 
incident wave passes through the irosition ADCj wavelets will be formed / 



Fro. 158, — Reflection of a Spherical Wave at a Spherical Surface. 


at A and C. . Let EBF be the position which would be occupied by 
the incident wave, at a later period, were it not for the presence of the 
reflecting surface. At the instant considered a wavelet will just be 
starting from B, and the wavelets from A and C will have acquired 
radii equal to BD. Wavelets will have started from points of the 
surface between A and B, C and B, and these will just touch the curved 
surface of which GBH is the trace. This surface is the reflected wave. 
If the aperture of the refecting surface is small in comparison with the 
radius CR, the reflected wave will be approximately spherical, and will 
converge to a point I, which is the reflected image of O. 

To find the position of I, draw CG parallel to BO. Then, when the 
dimensions of the mirror are small, CG will be equal to the radius of 
the wavelet from C, or to BD. Draw CK and GL, perpendicular to 
BO. Let CK = GL = /, RB = r ; while OB (which is approximately 
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equal to OD) will be equal to and IB will be equal to v. Then 
(p. 120), 

= 2BK . r = 2DK . 'll — 2BL . V. 

But- 

BL = BK + KL = BK + CG = BK + BD. 

^ ^BK. (BK - BD)« (BK + BD)&. 

^ = BK. 

2r 

BK - BD. 

2 ll 

^ = BK + BD. 

2 V 

.■X+^ = 2 BK==^. 

2 V 2 ll 2 !' 

• i 4. I - ^ 

' ' V u r 

This is the formula for reflection at a spherical surface which was ob- 
tained on p. 31. It may be left as an exercise for the student to find 
the corresponding formula, according to the wave theory, when the 
reflecting surface is convex. 

Eeflection at a Hemispherical Surface.— When a wave is 
incident on a portion of a spherical surface which is not small 
in comparison with the radius of the sphere, the reflected wave 
assumes a shape which it is interesting to examine. This aspect 
of the subject has been studied by Prof. R. W. Wood, to whom 
the following explanation is due. 

Let ABD (Fig. 159) represent the section of a hemispherical surface 
by a plane passing through the centre C, and let EF be the trace of a 
plane wave perpendicular to the axis CB. As this wave sweeps along 
the surface of the hemisphere, a spherical wavelet will be generated at 
each point on the surface as it passes. The reflected wave surface at 
any instant is due to the combined action of the wavelets already formed. 
Let GHI (left half of Fig. 159) be the position which the incident 
wave would have occupied at a certain instant, but for the presence of the 
reflecting surface. The wavelet formed at E will by this time have ac- 
quired a radius equal to EG. With Eas centre, and radius EG, describe 
the circular arc KL to represent this wavelet. The wavelet which 
started from M may similarly be represented by an arc of a circle of 
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radius MN. Proceeding in this manner with regard to points between 
E and K, we find that the various wavelets intersect along a short 
curve KPj which is concave upwards. Along this curve the wavelets 
reinforce each other, and it therefore represents the trace of part of the 
reflected wave surface. The wavelets which started from points be- 
tween K and li similarly touch the curve PPI, which represents the 
trace of the remainder of the wave surface. At this stage the reflected 
wave surface has the form of a ridge extending round the hemispherical 
mirror, the sharp edge of this ridge corresponding to the cusp, P, of the 
trace. As the incident wave moves downward, the reflected wave 



Fig. 159.— Plane Wave reflected from a Hemispherical Surface. 


accompanies it, the upper branch being continually replenished from 
the lower branch, the latter being continually re-formed by the wavelets 
just starting from the mirror. The right-hand half of Fig. 159 repre- 
sents the construction for the trace of the reflected wave surface at an 
instant when, but for the reflecting surface, the incident wave would 
have arrived at QR. The circular arcs representing the traces of 
wavelets from various points of the mirror are now drawn with radii 
equal to the respective distances of the points from QR. The trace of 
the reflected wave surface has a cusp at P', and the wave surface itself 
will have a form somewhat like a volcanic cone. 

Fig. 160, due to Prof. Wood, shows sixteen positions of the 
reflected wave front. It will be seen that the concave crater 




300 


LIGHT FOR STUDENTS 


CHAP. 


continually diminishes, until it disappears in the ninth diagram. 
The sides of the volcanic crater become elong'ated in the 
direction of the axis, and contracted in a direction at right 
angles to this, until opposite sides pass each other (ninth dia- 
gram), after which the wave surface assumes a medusa-like 
shape, and expands till it finally leaves the mirror. 

Prof. Wood has succeeded in verifying these results with 
respect to sound waves in air. Fig. i6i is a reproduction of a 
photograph of a sound wave in twelve successive positions 
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Fig. i6o.- — Sixteen Positions of a Reflected Wave. 


during reflection at a cylindrical surface. The incident wave, 
slightly spherical in shape (No. i), was produced by the detona- 
tion of a small electric spark. The air in the position of the 
wave front was in a state of compression, and its refractive index 
was consequently altered. Using a modified form of Toepler’s 
method (p. 99), instantaneous photographs were obtained, a 
second electric spark being used as an illuniinant. The wave 
surface appears as a light line shaded on one side. The shape 
of the wave surface is similar to that predicted from the above 
application of Fluyghens’s construction. 

Caustic Curve and Focal Lines.-— In Fig. 162, a number of 
consecutive positions of the reflected wave front are shown in 
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juxtaposition. On examination it appears that the successive 
positions of the cusp on the trace of the reflected wave 



Fig. 161.— Photographs of Reflected Sound Waves. 


front lie on the caustic curve (p. 122). It is obvious from 
the construction used in Fig. 1 59 that a great number of wave- 
lets reinforce each other in the neighbourhood of the cusp P, 
or P'. The cusp therefore forms a sort of moving focus, oy, 
position of maximum concentration of energy. As the cusp 

moves along the caus- 
tic curve, the illumina- 
tion along that curve 
is explained. 

As already proved 
(p. 124), a reflected pen- 
cil touches the caustic 
curve at the position 
of the first focal line, 
and cuts the axis at 
the position of the second focal line for that pencil. These focal 
lines must be positions of maximum concentration of energy, 



Fig. 162.— Consecutive Positions of a Reflecied 
Wave. 
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Let AB and BC (Fig. 163) represent the incident and reflected 
pencils ; BC touches the caustic curve at D. But D is a 
particular position passed through by the cusps on the traces 
of all the reflected waves. Thus D is a point on the edge of 
the “volcanic crater” 
of the wave front, so 
that the energy focus 
there is an element of 
a ring which passes 
through E and D, in 
a plane perpendicular 
to the paper. Conse- 
quently the energy 
focus at D is a small 
approximately straight 
line perpendicular to 
the plane of the paper, and thus coincides with the first focal 
line of the pencil BC. During the development of the wave 
front the sides of the, volcanic cone cross each other on the axis 
(p. 300). At this, point the radius of the outer surface of the 
volcanic cone shrinks to zero. The element of the wave front 
corresponding to the pencil BC will cross the axis at C. The 
energy previously concentrated in a short line perpendicular to the 
plane of the paper at D will now he concentrated in a short line 
parallel to the axis at C ; this line is the second focal line of the 
pencil BC. 

Eefraction of Plane Waves. — Let AB (Fig. 164) represent 
the trace of a plane wave front which is perpendicular to the 
plane of the paper, whilst AA' represents the section of the 
plane surface of separation of two media, also pei'pendicular 
to the plane of the paper. As the wave AB (which we shall 
term the incident wave) travels in the direction of the arrows, 
the particles of the upper medium just above AA' will be suc- 
cessively disturbed. Unless the lower medium is perfectly rigid, 
its particles just below AA' will also be disturbed, and the 
disturbance of each particle will originate a spherical wavelet 
which will spread out in the lower medium at a rate equal to 
the velocity of wave propagation in that medium. The wavelets 
in the lower medium will generally reinforqe each other along 
a certain surface, which is the refracted wave front. 
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At a given instant let A'D be the position which the incident 
wave would have occupieci but for the presence of the lower 
medium. Draw BA', MPN, and AD perpendicular to AB. 
Let / be the time i-equired for the incident wave to travel 
through the distance BA' in the upper medium, and let Vq, V,be 
the respective velocities of wave transmission in the upper and 
lower media. Then, in the time, /, required for the incident 
wave to travel through the distance BA', the wavelet which 
originated at A will have acquired, a radius AC equal to V/. 
Draw an imaginary line through A' perpendicular to the plane 
of the paper. This line will pass through all particles which are 
just being disturbed, and are about to produce wavelets in 
the lower medium. Through this line describe a plane which 

touches the wavelet C. Then 
this plane will touch all of the 
wavelets which started from 
the points ■ between A and 
A' as the incident wave 
passed, and is therefore the 
refracted wave front. 

To prove this, draw AC per- 
pendicular to A'C. AC will be 
the radius of the wavelet C. 
Then— 

AC _ _ V 

Fig. .164. — Refraction of a Plane Wave at a tv V ' 

a Plane Surface. v nt 



AC _ _ V 

flG. .164. — Refraction of a Plane Wave at AD ~ VV Vn' 

a Plane Surface. 

Draw PM' perpendicular to 

A'C. Then, since the triangles A' AC and A'PM' are similar— 
PM'_A'P 

AC "A' A 

Also, since the triangles A'AD and A PN are similar 


PN 

A'P 

PM' 

AD 

" A'A “ 

AC’ 

PM' 

AC 

V 


• ■ PN AD V,' 

But, if r is the radius acquired by the wavelet which originated at P, 
we shall have — • 

r _ V 
PN 
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Therefore, from (2) — 

r - PM', 

and the plane AC touches this wavelet, as it does all other wavelets 
which originated between A and A', as the incident wave passed. 

We must now turn our attention to the incident and refracted 
rays. Since the disturbance at P was due to a small element of 
the incident wave surface, immediately surrounding M (p. 293), 
MP is an incident ray, and lies in the plane of the paper. Let 
us now suppose that the space above AA' is filled with a 
medium similar to that below AA', while the incident wave is 
suppressed, and the disturbance of the particles along AA' is 
produced by a wave in all respects similar to A'C, which passes 
through A in the direction AC at the instant when the incident 
wave actually passes through that point. Then, by reasoning 
similar to that used with respect to the reflected ray (p. 295), it 
becomes obvious that the di.sturbance reaches M' along the line 
PM', so that PM' is the refracted ray, corresponding to the 
incident ray MP. Now, PM' is perpendicular to the plane A'C, 
which in its turn is perpendicular to the plane of the paper; 
therefore, PM' lies in the plane of the paper, which also contains 
the normal to the surface AA'. Thus, the incident and refracted: 
rays, together with the normal to the refracting surface, lie in one: 
plane. 


Let i be the angle of incidence of the ray MP, while r is the angle 
of refraction of the ray PM'. Both of these angles are measured from 

the normal to the surface AA'. Then, ^ ~ MPA^ = PA'N 

= AA'D. Also, r=(^- M'PA^ = PA'M'. 

PM' 'i 

= sin PA'M' = sin r . 


= sin PA'N = sin i . J 

Therefore, from (2) above — 

sin i _ PN _ V(, 

^iir7'" PM' " V ■ •■••••• (3) 

We thus find that the sines of the angles of incidence and 
refraction hear a constant ratio to each other. Further, when 
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t IS greater than r, the ratio sin zysin r must be greater than 
unity. In this case the ray is bent toward the normal during 
lefraction, and the second medium is said to be more highly 
refracting than the first. Since in this case Vq must be greater 
tian V from (3), it follows that, according to the wave theory, the 
velocity of light in a highly refracting medium, such as water, must 
be smaller than in air or in a vacuum. This, as we have seen 
\vas proved to be the case by Foucault (p. 228). It also follows 
that the index of refraction from the first to the second medium is 
equal to the ratio of the velocity of light in the first medium to that 
in the second ; or— 



General Construction for Reflected and Refracted 
waves.— Let AA' (Fig. 165) be the section of the plane surface 


Fig. 165.— Reflected and Refracted Waves. 


of separation of two media, perpendicular, to the plane of the 
paper. Let AB be the trace of the incident wave, its plane 
also being perpendicular to that of the paper. Draw BA' per- 
pendicular to AB, cutting the surface in A'. Let if be the time 
required for the wave AB to travel through, the distance 
BA' in the upper medium, in which the velocity of wave 
transmission is equal to Vp. With A as centre, and radius 

X 
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V,/ = BA', describe a semicircle above AA', and from A' draw 
A'B' tangential to this semicircle. A'B' will be the trace of the 
reflected wave, the plane of the latter being perpendicular to that 
of the paper. 

Let V be the velocity of wave transmission in the lower 
_ V.BA' BA' , ., 

medium. With radius V/ = = , describe a Semi- 

co r 

circle beloAv AA', and draw A'C' tangential to-this semicircle. 
A'C' is the refracted wave, its plane being perpendicular to that 
of the paper. 

Total Internal Reflection.— When V is less than Vq, the 
radius AC' of the semicircle drawn below AA' is always less 
than AA', so that the tangent A'C' can always be drawn. Thus, 
when the second medium is more highly refracting than the 
first, there will always be a refracted wave. 

When, however, the velocity of wave transmission in the 
lower, is greater than that in the upper, medium, it may happen 
that the radius AC' is greater than the distance AA'. In this 
case we cannot draw a line from A', tangential to the semicircle 
below AA'. There will consequently be no refracted wave, and 
the light will be totally reflected. The limiting case in which a 
refracted wave is formed occurs when the radius of the lower 
semicircle is equal to AA'. 

Now, BA'/AA' = sin BAA' = sin z, and BA' = Vq^. In the case con- 
sidered, AA' = AC = V/, so that sin z = Vq/V = fx. Here jx is equal to 
the refractive index of the lower (less refracting) medium with regard 
to the upper one. If we let /j-i = V/Vg, so- that is the refractive 
index of the upper (more highly refracting) medium with regard to the 
lower one, we have — 

sin i' = 

which determines i' , the limiting angle of incidence of light on the 
surface of the less refracting medium, in order that a refracted ray 
should be formed. The angle- i' is termed the critical angle for the 
more refracting medium. 

The absence of a refracted wave, when internal reflection 
occurs at an angle of incidence exceeding the critical angle, 
is due to the circumstance that in the case considered, the 
wavelets formed in the rarer medium are unable to assist each 
other. The numerous wavelets passing through any point 
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difFei in phase, and so produce zero displacement there It mav 

"Ttrc ir*” P-"'- «<* -ore in ciet".. 

Let AC (Fig. 166) be the section of the surface of separation of 
two nrecba. the lower being the more highly refrlc&r^ri:, 

AB be the trace of one of 
a series of plane waves inci- 
dent in the direction BC on 
this surface from below. In 
order that there should be 
a resultant disturbance at P, 
a point in the upper medium, 
wavelets originating in the 
immediate neighbourhood of 
some point. A, must reach 
„ P in the same phase. 

IiG. 166.— Illustrates Total Internal 

Let N'AN be the normal to 

AN , or that made by the wave front AB with the surface AC. Hence, 

/ BAG = /. Let z PAN = e. Then, Z' PAC = - - 0 . 

Let E be a point on the surface of separation very dose to A. Draw 
ED perpendicular to the wave front. Then the light at E will be due 

idSbOThoSof i" l>« immediate 

neighbourhood of D._ In order that the wavelets originating at A and 

s ould arrive at P in the same phase, the times required for light to 
mvel from A to P, and from D through E to P, must be equal.^ But 
ight travels more slowly in the lower than in the upper medium. If V 
mei-a velocities of light in the lower and upper 

TdE/V " IT travel from D to E will be equal 

inrfFP -n i times required for light to traverse the paths AP 

tlT- w T r ^"sP^'^dvely. Thus, in order 

hatmT ^ ^ ^ the same phase, we must 

AP _ DE 

V„ ~ Vo 

^P = EP-|-^DE = EP + /iDE, , . ; (f) 

iTmSmn'^ I'efraction from the upper to the lowerf- 



X 2 



3b8 


LIGHT FOR STUDENTS 


Let AP = rf, while AE 5 . Then, DE/AE - DE /5 = sin EAD 
= sin?. Thus, DE = Ssin /. 

Also — 

(EPF = (AP)“ + (AE)- - 2AP . AE . cosPAE = d'^ + 5— 2rf6sm0. 
Then, from (i), ' 

• * + 5^ - 2^5sin 0)5 + A^Ssin/. ! 

_ . ^ + 52 _ 2h’5 sin 0 = (rf - ju5 sin if - d’^ - 2 fxd 5 sm i + sm® i. 

sme = (ismi - • • • (2) 

Now, 5 represents a very small magnitude, comparable with the wave- 
lencth of light. When the point P is situated at an appreciable distance 
from the surface AC, rf will be very great in comparison with 5, and the 
second term ort the right of (2) will be negligibly small. In these ^ 

circumstances, sinO^A^sinf, ...... - • ■ (3) 

which determines, the direction AP in which the disturbance will travel 
in the upper medinni. ' 

This result is in accordance with the law of refraction, 0 being 

the angle of refraction. When n sin i is equal to i, 0 =-, or 

the , disturbance will ■ travel along the surface AC. When 
u sin i > 1, it is impossible to find any value of Q which 
■ will satisfy (3). Thus, there will he no refracted ray when the 
angle of incidence, f, is such that sin f > i/fx. On inspecting (2), 
however, it will be noticed that if d is very small, so as to 
be comparable with 8, the second term on the right may 
have a finite value. When \x. sin i > i, the quantity in braclcets 
will be positive, so that the effect of' the second , tdrm is to 
diminish the value of sin 0, and fi d is small enough, a^ real 
value of d may be found from (2). The interpretation of this 
result is that, for angles of incidence greater than the critical angle, 
there will actually he a disturbance in the rarer medium which 
rTenetrates only to a distance comparable with the wave-length of 
light. We shall see, later, that there is experimental evidence 
of tlie existence of . this superficial disturbance in the rarer 

^ R^raction of Plane Waves through a Prism.— Let AB, AC 

(Fig. 167) represent sections of the plane bouiidhry surfaces of a 
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medium of refractive index equal to/.. Let the boundary surfaces 
inteisect in a straight line through A perpendicular to the plane 
of the paper, and let CD be the trace of a plane wave 

(^Iso perpendicular to the paper) 
travelling in the direction of 
the arrows. To determine the 
wave formed by refraction at 
the surface AC, draw AD per- 
pendicular to CD, and with C 
as centre, arid radius equal to 
DA//., describe a circle. From 
A draw AE tangential to ' this 
circle; then AE will be the 
tiace of the wave front within 
the refracting medium. 

To find the wave front emer- 
ging from the surface AB, draw 
CEB perpendicular to AE, and 
with A as centre, and radius 
Fig. 167.— Refraction of a Plane Wave equal tO /.EB-, describe a cir- 
throushaPrism. cle. Then BF, a straight line 

. , ... , , drawn from B tangential to this 

circle, will be the trace of the emergent wave front If AF is 
drawn perpendicular to BF, AF will be the emergent ray cor- 
responding to the incident ray DA. 

It should be noticed that the path of the end D of the 
wave IS wholly in air, while that of the end C is wholly 
m the refracting medium. The path DA -f AF is /. times 
as long as the path CB, so that disturbances starting simul- 
taneously from D and C, will arrive in the plane BF at the 
same instant. 

The deviation produced by refraction through the prism 
may be measured either by the angle between the incident and 
emergent rays, or by that between the incident and emergent 
waves. Thus, if DC and FB are produced to meet in G, the 
angle DGF will give the deviation produced. For this de- 
viation to be a minimum, it can be proved that DC and FB 
must be equally inclined to the respective faces AC and AB, 
in which case it is easily seen that AE will bisect ' the anulri 
CAB. ^ 



LIGHT FOR STUDENTS 


CHAP. 


310 


The existence of an angle of minimum deviation can lie proved by 
a very simple geometrical construction. Let AB, AC (Fig. i68) be 
sections of the plane faces of the prism. Let AD be drawn parallel 
to the trace of the wave incident on the face AC. Then DAC 
will be the angle of incidence on the face AC, With A as centre, 
and with radii in a ratio equal to the refractive index of the medium 
composing the prism, describe the circular arcs BC and RS. From E, 
the point of intersection of AD with the arc RS, draw EP parallel to 
AC, intersecting the arc BC in P. Join AP. Then AP will be parallel 
to the wave inside the prism. To prove this, draw PM and EN perpen- 
dicular to AC. Then PM = EN, and, by construction, AP = fi x AE. 
Consequently, sin EAN = EN/AE = /j. x (PM/AP) = /j. sin PAM. 
Thus, PAM is the angle of 
refraction corresponding to 
the angle of incidence EAN, 
or PA is the refracted wave 
corresponding to the incident 
wave AD. 

To determine the emergent 
wave, draw PP' parallel to 
AB, and intersecting the arc 
RS in F. Join AF. Then 
AF is parallel to the emer- 
gent wave. To prove this, 
draw PK and P'L perpendicu- 
lar to AB. Then FL = PK, 
and sin FAL = FL/AF = 

,it(PK/AP) . = /u. sin PAK. 

But PAK is the angle of 
incidence of the wave AP on the face AB. Since the wave AP is 
travelling through a medium of refractive index equal to /x, and is 
incident on the surface of separation of that medium from one in which 
the refractive index is equal to unity, we must have — 

sin angle of incidence = ^ sin angle of refraction. 

. '. /X sin PAK = sin angle of refraction = sin lAVL. 

. '. PAL is the angle of refraction, and AF is parallel to the 
emergent wave. 

Since AD and AF are respectively parallel to the incident and 
emergent waves, the deviation produced is equal to the angle DAF. 
This angle is measured by the arc EF, cut off by the two lines PE and 
PF from the arc RS. Therefore, the deviation will have a minintuni 



Fig. i 68.— Angle of Minimum Deviation. 
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value ■when the arc EF has the smallest possible value. Now, by 
altering the position of the incident wave AD, we may alter the position 
of P on the arc BC, but PF is always parallel to AB, and PE to AC. It 
can easily be seen that, in these circumstances, the lines PF and PE 
will cut off a minimum length from RS when P bisects the arc BC. 
The wave AP inside the prism will then bisect the angle CAB, and the 
incident and emergent waves will be equally inclined to BA and CA 
respectively. 

Mechanical Illustration of Eefraction. — We have seen 
that the refraction of a light-wave at the surface of a refracting 
medium is due to the circumstance that the end of the wave 
which first enters the refracting medium is retarded, and the 
whole war'e is consequently forced to swing round through a 
certain angle. 1 he follorving mechanical arrangement illustrates 
this point. 

Two bo.xwood wheels, about two inches in diameter, with 
rounded rims, are mounted on the ends of an iron axle, about four 
inches in length and one-half inch in 
diameter, so as to be able to rotate 

- j| I freely and independently of each 

_ other (Fig. 169). If this, arrange- 

m ment is allowed to roll down a slightly 
inclined wooden board, it will pursue 
Fig. 1.69.— Roller used in iiius- a Straight coLirse. If part of the 
tratmg Refraction. board is Covered with thick pile 

plush (termed artificial sealskin), 
then the above arrangement will travel more slowly against the 
direction of the pile than it would on the plain board. If a 
parallel strip of this plush is glued ob- | 

liquely across the board, with the direction 
of the pile sloping upwards, then the wheel 
which first comes on the plush will be 
retarded in its course, and the unretarded 
motion of the other wheel will cause the 
axle to swing round till both Avheels roll 
on the plush, after which the course will 
be straight but inclined to its previous 
direction. On leaving the plush the 

course will once more assume its origimil direction (Fig. 170), 

. This represents the refraction of a light- wave through a parallel 
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plate of glass. Using a triangular piece of plush, the refraction 
of a wave by a prism may be illustrated (Fig. 170). If a piece 
of plush is cut in the shape of an isosceles 
triangle with a vertical angle equal to 90°, 
then the total internal reflection of light may 
be illustrated (Fig. 171). The wheel which 
first leaves the plush moves so much more 
quickly than the one still on it, that the axle 

swings round, and the first wheel once more 77^- — Mechanical 
. , 1 1 1 r - 1 Illustration of lotal 

arrives on the plush before tlie other one internal Reflection. 

has left it. This illustrates in a very striking 
manner the creation of only a. superficial disturbance in the less 
refracting medium when the angle of incidence e.xceeds its 
critical value (p. 306). 

Problems on Refraction. — The following examples will serve 
to illustrate the solution of problems on refraction by the aid of 
the wave theory. 


Example i. Refraction of a Spherical Wave at a Plane Surface. — 
Let BAC (Fig. 172) represent the trace of a spherical wave diverging 



Fig. 172.— Refraction of a Spherical Wave at a Plane Surface. 


from O, and just touching, at A, the plane surface DAE of a re- 
fracting medium. A spherical wavelet originates at A and spread.s out 
into the refracting medium at a rate equal to the velocity of light in 
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that medium. Let DFE be the position which the incident wave 
would have occupied after a short interval of time, t, but for the 
presence of the refracting surface. Then, if V^, and V denote the re- 
spective velocities of wave transmission in the media to the right and 
left of DAE, the distance AF will be equal to Vg^, and the radius AG 
of the spherical wavelet which originated at A will be equal to V/. 
Thus, AF/AG = V^t\Yt = fi, where fi is the refractive index of the 
medium to the left of DAE, with respect to that on the right of DAE. 
Spherical wavelets will be on the point of starting from D and E, and 
at points between A and E, or A and D, wavelets will have already 
started, but will have acquired radii less than AG. The curve DGE 
which touches all of the wavelets will be the trace of the refracted 
wave front. ^ This curve is not a circle, so that the refracted wave will 
not be spheiical, and will not therefore diverge from a point. But if 
the aperture AE of the surface exposed to the waves is small in com- 
paiison with AO, the refracted wave will be approximately spherical, 
and will diverge from a point I, which is the image of 0 . 

Let OA (which is approximately equal to OF) be equal to u, while 
lA^ (which is approximately equal to IG) is equal to v. Then, if 
AE = y, we have — 

=. 2A.Y.U = 2 AG . V. 

ButAF = ^AG. 

. •. (JitC- = V, 

This is the result already obtained and discussed (p. 53). 


Example 2. Refraction of a Spherical Wave at a Spherical 
Surface. Let BhC (Pig. 173) be the trace of a spherical wave 
diverging from O, and let BAG be the section of a spherical surface 
with centre at R, the velocities of wave transmission in the media to 
the right and left of BAG being respectively equal to and V. Let 
t be the time required for the point F on the incident wave to travel to 
A ; then AF = VgA In the time t the wavelets which originated at 
B and C will have acquired radii equal to V/, or (AF . V/Vg). The 
wavelets which originated between A and C, or A and B, will have 
acquired smaller radii, the wavelet from A being just on the point of 
Starting. The curve DAE, which just touches all of the wavelets, will 
be the refracted wave front. If the aperture AC of the refracting 
surface is small, the curve DAE will be approximately spherical, and 
will diverge from a point I, Then I is the image of O. 

Draw CE parallel to the axis OA. Then CE will be approximately 
equal to the radius of the wavelet which originated at G, or tq.AF/^. 
Draw EG, and CH perpendicular to OA, and let y/ GE — liC. Then, 
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if AR = r, while AO (which is approximately equal to FO) = ■«, and 
AI = z'j we have — 

f = 2AH . r - 2FH. . u = 2AG . V. 

AF 

Then, since AG = AH - GH = AH - EC = AH — , we have 


AH - 


AF 


2 V 


Also, since FH = AH - AF, 

AH - AF = 

2U 


(1) 


( 2 ) 


Multiply (i) throughout by /r, and from the result subtract (2). 
Then — 

(m - I) AH 

Then, since AH = y^/zr, 


(4 • t - 1 - 

2r ~ 2 V.z' u ) ’ ' ° V u r 



Fig. 173. — Refraction of a Spherical Wave at a Concave Surface. 


It may he left as an exercise to the student to obtain, according to 
the wave theory, the corresponding formula when the surface is 


convex. 
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Example 3. Refraction through a Lens.-The result of Example 2 
can e used, as on p. 67, to find the formula for refraction through a 
ens. As, mwever, the direct solution of this problem is very instruc- 
live, a few lines will here be devoted to it. 

Let BAG (Tig. 174) be the trace of a spherical wave diverging from 
O, a point on the axis of the glass lens KL. In order that a real 
image may be formed by refraction through the lens, the emergent 
wa,ve EDF must be spherical, and converge toward a point I on the 
axis. If the surfaces of the lens are spherical (as is almost universally 
he case) the emergent wave will be approximately spherical only when 
tbe aperture, AL, of the lens is small in comparison with AO and DI. 
Assuming this to be the case, it becomes obvious that the action of the 



lens IS to retard the central part of the wave with respect to its peri- 
pheral portions, and so alter its curvature. The disturbance from C 
must traverse the path CLF in air, in the lime required for the disturb- 
ance from A to reach D, travelling through the glass. Join CF. Then 
m the case considered, CF will be approximately parallel to the axis,' 
and will be equal in length (to a first approximation) to the air path 

perpendicular to the axis. The line 
h C will be approximately equal to HG. 

Let Vo and V be the velocities of light in air and glass respectively, 
so that the refractive index of the glass is equal to /j. = YJV The 
time required for light to tmvel from C to F in air = CF/V = 

GH/Vq = (GA -i- AD + Dli^p. The time required for light to travel 
from A to D in glass = AD/V. Then— ^ 

(GA -f AD -h DH) = AD . -J. 

GA + DH = ^^ - i^AD = AD . (,a- i). 

Let ;q and be the radii of curvature of the surfaces KAL and 
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KDL respectively, will be negative (p. .59)- Let AO — 'U, while 
DI = v I V will be negative. Then, if GC = ML = HF = y (to a first 
approximation) we shall have — 

= = 

+ DH =f (i - i), and AD = AM + MD =t(i - 

Thus, - = — - --Y the result obtained on p. 68. 

’v u 'Vo O/ 

The student should find no difficulty in obtaining the corresponding 
formula for a divergent lens. It will be noticed that in this latter case 
the peripheral portions of the incident wave are retarded with respect to 
the central portions. 

Dispersion. — When a parallel pencil of white light is refracted 
through a transparent prism, and then allowed to fall on a sheet 
of white paper, it is observed that the illumination produced is 
not uniform ; the luminous patch seen is brightly coloured, and 
experiments already described show that the emergent light 
consists of an indefinite number of parallel pencils of coloured 
light, each being deviated by an amount, depending on its 
colour. This variation in the refraction of light by a material 
medium, dependent on the colour of the light, is termed 
dispersion. The pencils producing a red coloration are deviated 
least, while those producing a blue or violet coloration are 
deviated most. This result suggests that white light consists of 
an indefinitely large assemblage of waves which, are not 
identical but may be distinguished from each other by some 
characteristic property which, acting on the eye, produces the 
sensation of colour. 

Now the nature of a wave becomes known when its amplitude, 
its period, and the velocity with which it is propagated are 
known. The wave-length, A, and the period, T, of a wave are 
connected with the velocity of propagation, V, by the relation 

\ = VT, (p. 261). 

We have ample evidence that the velocity of light in a 
vacuum is independent of the colour of the light (p. 226). The 
amplitude of a wave determines the intensity or brightness of 
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the light. It therefore appears probable that the phenomena of 
coloiation are clue to differences of period in the light-waves. 

hus, light corresponding to a given part of the spectrum is 
probably characterised by a definite period, or a definite wave- 
length when travelling* through a vacuum. 

^ For waves, initially travelling with equal velocities, to be de- 
viated by different amounts when transmitted through a prism 
their velocities within the prism must be different. The waves 
corresponding to blue or violet light must travel the most slowly 
within the prism, since they are deviated most, while waves 
corresponding to red light must travel most quickly, and those 
corresponding to intermediate portions of the spectrum must 
travel with intermediate velocities. It remains to be determined 
whether the blue or the red light-waves possess the greater wa\^e- 
length. ; 

'/ interference.— Let A and B (Fig. 175 ) be two points on the 
surface of a liquid, which are subjected to. harmonic dis- 
placements equal in 
amplitude and phase. 
Circular waves will 
spread out from A 
and B, and the am- 
plitudes of the two 
wave trains will be 
equal. At a particular 
instant the displace- 
ments at any point on 
the surface will be the 
resultant of the dis- , 
placements due to the 
two waves then pass- 
ing through the point. 
In Fig. 175, the coh- 
tinuous circular arcs 
represent the crests, 
while the broken arcs ' 
represent the troughs 
of the waves diverg- 
ing from A and B. Through the points, marked by crbssy, 
two crests or two troughs are simultaneously passing, so 



F IG. :i75. — Illustrates the Inter'fererioe of Waves. 
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that at these points the waves reinforce each other, and the 
resultant displacement is equal to twice the amplitude of either 
of the passing waves. Since the energy at any point varies as 
the square of the amplitude (p. 276), the energy at a point 
marked by a cross will be equal to four times the energy due 
to a single wave. The lines joining the neighbouring points 
marked by crosses will always be lines of maximum disturbance 
and maximum energy ; for, after a time equal to half the period 
of the waves, the only change that will have occurred is that a 
point, at which the displacement was previously produced by 
the combined action of two crests, will now be subjected to a 
displacement due to two troughs. 

Through each of the points marked by small circles a trough 
and a crest ai'e simultaneously passing. At these points the 
resultant displacement will be equal to zero, since the com- 
ponent displacements are equal in magnitude but opposite in* 
direction. The lines joining neighbouring points marked by 
small circles will always indicate portions of the surface which 
are stationary ; for after a time equal to half the period of the 
waves the displacement at any point on one of these lines will 
be due (say) to a crest and a trough, instead of a trough and a 
crest. Along the lines of zero displacement the waves are said 
to interfere with each other. 

It must be clearly understood that interference can never 
produce a loss of energy. The energy missing from the stationary 
points on the surface is merely transferred to the points of 
maximum displacement. 

Fig. 176 is a reproduction of an instantaneous photograph of 
ripples on the surface of mercury, obtained by Dr. J. H. Vincent.^ 
The ripples were produced by two glass styles attached to the 
same prong of a vibrating tuning-fork. Thus, the harmonic 
motions of the styles were necessarily in the same phase, and 
the circular waves started from the disturbed points on the 
mercury surface in the same phase. The unshaded lines, 
radiating from a point midway between the two wave sources’ 
mark the lines of zero displacement. ’ 

Returning now to Fig. 175, it is readily seen that if the 
velocity is the same for waves of all periods, then the angular 

vol Ripples,” Dr. J. H. Vincent, Proc. Phys. Soc., 
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distance between neighbouring lines of maximum displacement 
will be proportional to the- period, or to the length, of the waves. 
For, if we wished to change Fig. 175 so as to represent the 
effect of waves of half the length, we should have to substitute 

continuous lines for 
the broken lines, 
since the distance 
between two crests 
(one wave-length) 
is now equal to 
what was previous- 
ly the distance be- 
tween a crest and 
a trough (half a 
wave-length). 
Thus, the points in 
Fig. 175 marked by 
small circles would 
now have to be 
marked with 
^crosses, indicating 
points of maximum 
displacement. In 
addition, midway 
between each pair 
of circular arcs al- 
ready di'awn we 

t'lG. 176.— InteHering Ripples on the Surface of should have to de- 

Mercury. (From a photograph by Dr. J. H. SnoUiQ nave to G 

Vincent.) scribe broken cir- 

cular arcs to repre- 
sent the new troughs of the waves, so that we should obtain a 
new set of lines of zero displacements, these lines being twice as 
numerous as previously. 

Interference of Light-Waves. — If light consists of waves, 
it ought to be possible to obtain effects due to interference. 
To produce these effects we should, in the first place, need two 
sources continuously emitting waves of the same period a7id 
•bhase. We could not hope to produce interference between the 
lights emitted, say, by two separate candles, since in that case 
there would be no relation between the phases of the weaves 
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produced. In the second place, if the wave-length of light is 
verj' small, it would be necessary to place the wave sources very 
near to each other for the angular distances between lines of 
maximum displacement to be appreciable. This condition can 
easily be understood if we i-emember that the distance between 
C and D (Fig. 175) must be such that the distance from B to D 
is only half: a wave-length longer than that from A to D. 
Lastly, we cannot directly observe the motions of the ether, 
but only the resultant luminous effects produced at a point by 
the passage of billions of waves in a single second. 

_ Let us suppose that A and B (Fig. 175) are sections of two 
linear sources of light perpendicular to the plane of the paper. 
If waves of equal amplitude simultaneously originate at these 
sources in the same phase, the circular arcs will represent the 
traces of crests and troughs of cylindrical waves. The imaginary 
lines joining neighbouring points marked by small circles will 
represent the traces of surfaces approximately plane, and per- 
pendicular to the plane of the paper, characterised by the 
peculiarity that in them the ether is permanently at rest. In 
the' space between two neighbouring surfaces of zero displace- 
ment (such as those passing through D and E), waves will travel 
outward, and will illuminate any obstacle placed in their path. 
Let FL be the section of a plane white screen perpendicular to 
the plane of the paper. Then the points G and K, being- 
situated in surfaces of zero displacement of the ether, will be 
unilluminated. Thus, there will be two black bands per- 
pendiGular to the plane of the paper, through the points G and 
K on the screen. The point H, midway between these bands, 
will be brightly illuminated, since waves will travel outward to 
that point between the imaginary planes of zero displacement, 
riius, theie will be a bright band, perpendicular to the plane of 
the paper, through the point H on the screen. For similar reasons 
there will be bright bands through the points F and L on the 
screen, and if the construction used in Fig. 175 were extended, we 
should find that in passing from H outwards through K and L, 
alternate dark and bright bands would be encountered on the 
SCI een (compare Fig. 179)- These bands are termed inter- 
ference bands or fringes. Let us now determine in what manner 
the breadth of the interference fringes will depend on the length 
of the light-waves. The point H is equidistant from A and B ; 


XIII 


THE WAVE THEORY OF LIGHT 


321 


thus similar waves starting simultaneously in the same phase 
fiom A and B will reinforce each other at H, whatever may be 
their length. The bright band through H is termed the central 
interference fringe. The first dark band will occur at a point, K, 
such that the distance from K to B is one half wave-length greater 
than that from K to A. If we diminish the length of the waves, 
the distance HK will be diminished, so that the breadth of the 
central band will depend on the length of the lig'ht-waves. At 
the point L, the wave from B arrives one whole period later 
than that from A, so that the distance from L to B is one wave- 
length longer than that from L to A. If we diminish the wave- 
length, M'e shall diminish the distance HL from the middle of 
the central fringe to the middle of the first succeeding bright 
fringe. ) Reasoning in this manner, it is plain that the central 
interference fringe will have the same position whatever maybe 
the length of the light-waves, but the fringes formed by the 
interference of short waves will be naiTower than those formed 
by the interference of longer wavjes. 

Fig. .177 represents the nature of the interference fringes 
which would be produced by red and blue light waves, if the 
wave-length is greater for the red than for blue waves. If 

the sources A, B, 
(Fig. 1 75), simultan- 
eously emit red and 
blue waves, these 
two sets of inter- 
ference fringes 
would be super- 
posed. The central 
band would be 
coloured by a mix- 
ture of red and 
blue light, but its edges would be red, since the width of the 
blue fringe is less than that of the red one. On the other 
hand, the inner edge of the first intei-ference fringe would be 
blue, since at that point red light is absent. Passing outw'ards, 
it is obvious that instead of a dark band following on the first 
interference fringe, we .shall have a blue band, since the second 
blue interference fringe coincides with the dark band between 
the first and second red fringes. 
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Fig. 177. — Nature of Interference Fringe.s, respectively 
produced by Red and Blue Light Waves. 
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Let us now suppose that white light is composed of waves of 
vai-ious lengths, decreasing regularly from the red to the blue 
end of the spectrum. It is plain that if the sources A and B 
(Fig. 175) emit such light, the central fringe will be formed by 
the superposition of the bright bands of all wave-lengths ; it will 
therefore be white at the middle, shading off into red at its 
edges. The next bright band will be blue on its inner edge, 
and will be coloured at its middle, since here the bright bands 
due to the various wave-lengths will not coincide. Thus, starting 
from the central white fringe, we shall encounter a number of 
brilliantly coloured bands which are, generally speaking, bluish 
on their inner, and reddish on their outer, edges. At a short 
distance from the central fringe the coloured bands will become 
dim, and ultimately disappear, due to the superposition of a great 
•^umber of different fringes producing uniform illumination. 
Fresnel’s Interference Experiment. —Fresnel was the first 
investigator to produce effects incontestably due to the inter- 



Fig. 178. — Fresnel’s Double Mirror Interference E.xperiment. 


ference of light. The arrangement he used is represented dia- 
giammatically in Pig. 178, A narrow slit, S, perpendicular to 
the plane^ of the paper, was illuminated by sunlight, and the 
light issuing' from it was reflected from the plane mirrors MO 
and ON, which were very nearly parallel to each other, but 
intersected in a straight line through O perpendicular to the 
paper. The light reflected from MO appeared to proceed from 
A, the image of S in MO. Similarly, the light reflected from 
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ON appeared to proceed from B, the image of S in. ON. By 
altering the inclination of the mirrors, the distance between A 
and B could be adjusted at pleasure. Thus A and B were the 
virtual sources of light, and being images of S, the reflected 
waves virtually originated at A and B in the same phase. The 
point C on the screen was equidistant from A and B, and was 

found to lie on a 
white fringe bor- 
dered with red. 
On either side of 
C were brilliantly 
coloured bands 
(Fig. 179), which, 
generally speaking, 
were bluish on their 
inner, and reddish 
on their outer. 
Fig. 179.— Fresnel’s Double Mirror Interference Fringes edges. That these 
(From u photograph by Prof. Chant.) bands were actually 

produced by inter- 
ference was proved by covering up one of the mirrors, when all 
traces of the fringes disappeared. By altering the inclination of 
the min-ors, it was found that the width of the fringes increased 
as the images A and B were brought close to each other, which 
is the result to be anticipated from theory. When the slit S was 
covered with a piece of red glass, the bands were alternately 
red and black ; the width of the fringes thus produced was 
greater than when the slit was illuminated by blue or 
gieen light. This pioves that the waves corresponding 
to the blue, are shorter than those corresponding to the red, 
portion of the spectrum. When the slit was illuminated 

by white light and the scieeii was viewed through a piece 
of red glass, the bands seen were alternately red and black, 
as in the case when the slit was illuminated by red light. ^ 
Fresnel’s experiment gives decisive evidence in favour of the 
wave theory of light. That light when added to light should 
produce darkness is incomprehensible on any theory of the 
mateiial nature of light. In addition, Fresnel’s experiment 

proved that- white light consists of numerous waves of which the 
length decreases from the red to the violet end of the spectrum. 

Y 2 



324 


LIGHT FOR STUDENTS 


Polarisation of Light. — Having decided that light consists 
of waves propagated through the ether, it remains to de- 
termine the nature of these waves. Are they, for instance, 
pm'ely compressional waves, such as the sound-waves trans- 
mitted through a gas ? Or, if the ether possesses shear 
elasticity (p. 267), are they waves of longitudinal displace- 
ment (p. 268), or of transverse displacement (p. 269)? To 
these questions we are able to give a decided answer'. 

Imagine a string passing at right-angles through a slit in 
a diaphragm. Longitudinal vibrations, consisting of back- 
ward and forward motions transmitted along the string, 
cannot he affected by the orientation of the slit. On the 
other hand, transverse vibrations can only be transmitted 
through the slit, if they are performed parallel to it. Thus, 
if the slit is arranged so that transverse vibrations in a 
certain plane are transmitted along the string, rotating the 
diaphragm in its own plane till the slit is at right angles to 
its previous position, will prevent their further transmission. 

On looking at a sheet of white paper through a crystal of 
tourmaline cut parallel to its axis, nothing remarkable is noticed ; 
the light is slightly coloured, due to the natural colour of the 
crystal, and that is all that our eyes can tell us. If we 
place two similar- 
crystals face to 
face with their 
axes parallel 
(A, B, Fig. 180), 
the only observ- 
able difference 
produced is an 
increased colora- 
tion of the emergent light. Rotating both crystals together 
in a plane parallel to their faces produces no difference. If, 
on the other hand, we rotate one crystal with respect to the 
other, the light transmitted through the two becomes dimmer 
and dimmer (A', B', Fig. 180), until total e.xtinction occurs when 
the axes of the crystals are at right angles (A", B", Fig. 180). As 
the angle between the axes is further increased, more and more 
light is transmitted, until on completing a rotation through 180“ 
the same amount of light emerges as in the original position. 





Fig. 180. — Illustrates the Extinction' of Light by Crossed 
Tourmalines. 
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This experiment proves th^t li^ht does not consist of compressionftl 
or longitudinal waves, for it is inconceivable that a rotation of 
the second crystal about the direction of the ray, and therefore 
about the direction of vibration (if longitudinal), should extinguish 
the light. After passing through the first crystal the light-waves 
have acquired a one-sidedness with regard to the direction of 
the ray. It is now said to be polarised. We are therefore forced 
to conclude that the direction of displacement in a light-wave is 
perpendicular to the direction of transmission. In unpolarised 
light we may suppose that the actual direction of displacement 
changes a great many times a second, always, however, remain- 
ing perpendicular to the direction of transmission. The first 
tourmaline crystal only transmits vibrations making a certain 
angle with its axis. If the axis of the second crystal is parallel 
to that of the first, the waves transmitted through the first 
crystal can traverse the second also. If, however, the axes of 
the crystals are at right angles to each other, the light transmitted 
through the first crystal consists of vibrations in a direction at 
right angles to that in which alone they could be transmitted 
through the second crystal. Thus, the two crystals with axes 
at right angles allow no light to pass. 

Imagine a long string passing, at two points in its length, through 
slits in different diaphragms. If one end of the string is caused to 
move transversely in various directions, transverse vibrations in various 
directions will travel along the string. The first slit will only allow 
vibrations parallel to its length to pass, and these vibrations will be 
unable to pass the second slit if it is perpendicular to the first one. 

The Nature of the Ether. — Assuming interstellar space to 
be filled with a continuous medium, the ether, which can trans- 
mit waves, the arrival, at the earth, of light from the stars can 
be explained. The velocity of wave transmission would be 
equal to the squai'e root of the ratio of the elasticity to the 
density of the ether, and would be the same for waves of all 
lengths (p. 274). This accounts for the fact that light travels 
with one uniform velocity through a vacuum, whatever may be 
its colour-. The reflection of light at a material surface will 
follow naturally, if matter modifies either the elasticity or 
density of the ether. If the velocity” of wave transmission 
through a transparent material medium is less than that 
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corresponding to interstellar space, the refraction of lig 
explained. We may enquire whether light is transn 
through a transparent material medium in the same wa 
for instance, sound is transmitted through a solid or liquid : 
is, by means of vibrations confined to the material medium, 
question must be answered in the negative. The sciuare 
of the ratio of the elasticity to the density of any material 
stance is many thousand times smaller than the veloci 
light. The density of crown glass is ec[ual to 2'5, whi 
rigidity is equal to rs x io“, and its compressional elas 
is equal to 4-2 x io“. Thus, the velocity of longitu 

waves in glass is equal (pp. 267-9) to 4 ^ ^ + a x r 5 : 

2-5 

= 5 X 10® cms. per second. Transverse waves woul 

transmitted through glass with a velocity of . / ^’5 ^ 

= 2-8 X ro® cms. per second (p. 273). On the other hand takir 
as the mean refractive index of crown glass, light must be t 

mitted through it with a velocity equal to = 2 > 

cms. per second. Thus, whatever may be the nature of 
waves, their velocity of transmission through glass is far gr 
than that corresponding to waves transmitted merely tin 
the glass itself. As a consequence we must assume 
material media are penetrated by the ether, their mole 
being surrounded by it much as the leaves of a tree 
surrounded by the air. When light traverses a ma 
substance, it is transmitted by the ether penetrating 
substance ; the molecules of the substance in soine ms 
modify the properties of the ether immediately surrour 
them, so as to diminish the velocity of light, to an exten 
pendent on the period or length of the transmitted waves, 
may suppose that the elasticity of the ether remains una'lt 
while its effective density is increased by the reactions' 0 
molecules of a material substance (p. 283). This is the mer 
of the statement that glass is an optically denser medium ' 
air. As a general rule, a high optical density goes with a 
mechanical density (mass per unit volume) of a subst' 
However, the velocity of light in a medium is not invar 
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connected with the mechanical density of the latter. Thus, oil 
of tiupentine, which floats on water, has a mean refractive 
index equal to 1-46, while that of water is equal to V33. 

The phenomena of polarisation force us to conclude that the 
displacement in light-waves is transverse to the direction of 
transmission. Accordingly we must assume that the ether is 
endowed with properties which enable it to transmit waves of 
transverse displacement. In other words, the ether must 
possess properties similar to those of an elastic solid, 
such^ as a jelly. An ordinary jelly possesses two kinds of 
elasticity : one, by which it resists compression, is usually very 
great ; the other, by which it resists change of shape, or dis- 
tortion, is of much smaller magnitude. We have no evidence of 
longitudinal or compressional waves m the ether, and, to ac- 
count for this, it is generally assumed that the ether is incom- 
pressible. It will then merely be able to transmit transverse 
waves, their velocity being equal to (p- 273). 

A serious difficulty arises at this point. It is difficult to 
imagine the planets as moving with their enormous velocities 
through a jelly-like suljstance without any loss of energy. The 
motions of the planets are perfectly regular, and show no signs 
of any loss of this kind. It is true that Encke’s comet has been 
observed to return to its perihelion position a little before the 
calculated time, and this has led to the supposition that its 
motion is retarded by the ether. The comet describes an 
elliptic orbit of great eccentricity ; if its velocity is diminishing, 
it will travel to less and less distances from the sun during 
successive revolutions, and its time of revolution will thus 
slowly decrease. It would be rash, however, to found a theory 
on this isolated observation. There is, then, no certain evidence 
of the continuous motion of a body being resisted by the ether. 
The difficulty of reconciling the absence of such resistance with 
the properties of an elastic solid has always been a source of 
difficulty in relation to the wave theory ; it prevented Fresnel 
from publishing his conclusions in this respect until after Dr. 
Young had propounded the same theory, which he had arrived 
at independently. 

These difficulties are greatly diminished if we I'emember that 
although the elasticity must bear a great ratio to the density of 
the ether, both of these quantities may be very small. Lord 
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Kelvin ^ has recently estimated that the density of the ether is of 
the order of 5 x the density of water being equal to unity. 

If this weresoj we should have 77/ (5 x 10“^®) = Vq^ = (3 x 10^”)“ 
= 9 X Thus 77 = X io‘‘‘ = 180, which is a very small 

elasticity, much less than that pertaining to a weak solution of 
glue in water, which would, as far as the motion of a solid 
through it is concerned, be quite fluid. 

In this connection the following opinion of Sir George Stokes ^ 
should carry much weight : — 

“ The supposition that the ether would resist ... a body moving 
through it is derived from what we observe in the case of solids moving 
through fluids, liquid or gaseous, as the case may be. In ordinary 
cases of resistance, the maiil representative of the work apparently lost 
in propelling the solid is in the first instance the molecular kinetic 
energy of the trail of eddies in the wake. The formation of these 
eddies is, however, an indirect effect of the internal friction, or—if we 
prefer the term— viscosity of the fluid. Now the viscosity of gases has 
been explained on the kinetic theory of gases, and in the case of a liquid 
we cannot well doubt that it is connected with the constitution of the 
substance as not being absolutely continuous but molecular. But if the 
ether be either non-molecular, or molecular in some totally different 
sense from ponderable matter, we cannot with safety infer that the 
motion of a solid through it necessarily implies resistance.” 


Questions on Chapter XIII 

t. Write an essay on : The principle of interference as airplied to 
explain the rectilinear propagation of light. (li. 1892.) 

2. Explain the refraction of light by a plane surface according to tlie 
wave theory. (A. 1894.) 

_ 3 - Apply the undulatory theory to determine the path of a ray of 
light through a prism, and show from your construction that the 
deviation is least when the angles of incidence and emergence are 
equal. (A. 1898.) 

1 “ Ether and Gravitational Matter in Space,” Lord Kelvin, Phil. Mag. August 
igoi, pp. 161-177. ’ ^ 

^3 Presidential Address at Anniversary Meeting at Victoria Institute Tune 20 
1893, Na-ture, July 27, 1893. ’ 
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4. Apply the principles of the wave theory to account for the forma- 

tion of a real image by a convex lens, and by the aid of your explana- 
tion deduce the formula j. = j _ JL^. (PI. 1893,) 

5. What do you understand by the interference of light ? Why is 
the irrincipal focus of a convex lens, when placed in a pencil of parallel 
rays, a point of maximum brightness? (A. 1897.) 

6. Give a general explanation of the interference bands produced in 
white light by the use of Fresnel’s mirrors. _ (A. 1892.) 

7. What evidence is there that ordinary light consists of trains of 
waves, each train consisting of many successive waves ? If waves of 
light could be produced having only one or two waves in each train, 
how would the phenomena of reflection, refraction, diffraction, and 
polarisation be modified ? (Lond. B.Sc Hons. 1899.) 


CHAPTER XIV 


THE SPECTRUM AND ITS TEACHINGS 


Line Spectra. — Since light-waves of different lengths are 
unequally deviated when refracted through a transparent prism, 
we have a means of studying the nature of the waves com- 
posing any particular kind of light. The spectrometer and its 
adjustment have already been described, The light enterino- 
the slit of the instrument is rendered parallel by the collimating 
lens, and after being refracted through the prism, is focussed 
by the objective of the telescope, and the real image formed is 
viewed by the aid of the eye-piece. If the slit is illuminated by 
monochromatic light (z.a, light of only one wave-length), then 
the parallel pencil leaving the collimator is refracted through 
the prism, and leaves the latter as a single parallel pencil 
which is brought to a focus by the objective of the telescope. 
In this case a single image of the slit is formed in the focal plane 
of the objective, and this image, viewed through the eye-piece, 
is seen as a vertical luminous line of a definite colour. When 
common salt is introduced into the non-luminous flame of a 
Bunsen burner, an intensely yellow light is emitted. If this 
light is used to illuminate the slit of a spectrometer, the image 
seen in the focal plane of the telescope consists of two bright 
yellow lines (termed the D lines) separated by a dark interval 
depending on the dispersive power of the prism, and the 
magnifying power of the telescope. Thus, the light emitted by 
incandescent sodium vapour, when analysed by a spectrometer 
produees two images which must correspond to two different 
wave-lengths. 

When other metallic salts are introduced into a Bunsen 
flame, definite flame colorations are generally produced, and 
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examination by means of a spectrometer shows that in each 
case light-waves of definite lengths are emitted, dliis result is 
of capital importance, for it g'ives us a means of detecting the 
presence of various metallic substances, even when present in 
small traces, in a mixture. It has also led to the discovery of 
elements previously unknown. For, if the spectrum of a sub- 
stance contains lines which do not correspond to those of any 
known element, the obvious conclusion is that the substance 
contains an element heretofore unknown. In this manner 
Bunsen discovered the elements casium and rubidium, Crookes 
ciscoveied ihalhwn, and Reich and Richter discovered indiu7n. 

The exact wave-lengths of the radiations emitted by various 
substances ^ have been determined by means which will be 
fully described later. By the aid of these results we may 
determine the wave-length corresponding to any unknown spec- 
tial line.^ Having adjusted a spectrometer, we may determine 
the deviations corresponding to waves of known lengths, 
emitted by various metallic salts, and then draw a curve, with 
deviation as abscissie, and wave-lengths as ordinates. By the 
aid of this curve we can determine the wave-length of any un- 
known line. All we have to do is to observe the deviation 
of the line in question, when the wave-length corresponding to 
this deviation may be directly read ofif from the curve. 

Expt. S5.— Calibrate a spectrometer so as to determine the relation 
between deviation and wave-length for different parts of the spectrum. 
The spectrometer must be adjusted in the usual manner (p. 88 ), various 
salts being introduced into the Bunsen flame used as an illumi- 
nant. _ The following table gives the wave-lengths of the luminous 
radiations emitted by a number of metals. A small amount of the salt 
of a metal may be introduced into the Bunsen flame on a spiral of 
platinum wire. In most cases the light emitted is brighter if the salt 
is moistened with strong hydrochloric acid. 

The following units are used in the measurement of wave-lengths. A 
tenth-metre is equal to lo-^o metre. A micron (i/z)is equal to a 
thousandth part of a millimetre (io~^nim., or io“''cm.). A micrc- 
millimetre (i is equal to a thousandth part of a micron, or a 
millionth jiart of a millimetre (io~® mm., or io~^ cm.). Thus, 

I tenth-metre = 10-10 metre = lo-s cm. = lo-^mm. = ou ,u,u. On 
the other hand, \ ixfj. = 10 tenth-metres, &c. 
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Table of Wave-lengths (in Tenth-metres). 


Substance. 

Colour of 
line. 

Wave-length. 

1 . Substance. 

Colour of 
line. 

Wave-length. 

Sodium / 5 ^ 
Thallium . 

Potassium . 

Yellow. 

Green . 
/Red . 

\ Violet. 

5896 

5890 

5351 

7699 

4047 

i 

Strontium . 
Calcium 

Lithium 

Blue. . 

/l 4 d . 

( Orange 

4607 

4226 

6708 

6104 


Methods of Producing Spectra. — One method of obtaining 
the flame spectrum of a metal has already been described. 
In certain cases an oxy-hydrogen jefis substituted for a Bunsen 
flame. ' It is possible, howevei*, to obtain many more lines, and 
much greater brightness in the resulting spectrum, if the metal or 
its salt is introduced into an electric arc. When 
the arc is formed between carbons, the resulting 
spectrum will contain lines and flutings due to the 
carbon and its compounds, as well as some due 
to unavoidable impurities (such as sodium and 
calcium) and others due to the constituents of 
the atmosphere. A purer spectrum may be ob- 
tained by forming the arc between rods of the 
metal to be examined. Spectra are often ob- 
tained by producing sparks, by means of an 
induction coil, between pointed rods of the metal 
to be examined. Particles of the metal are torn 
ofif during the passage of the spark, and so 
give a characteristic coloration to the latter. It 
is sometimes convenient to produce sparks be- 
tween a piece of platinum wire and the surface 
of an aqueous solution of a metallic salt. The 
latter may be contained in a small test-tube (A, Fig.iSi.— A n-ange- 
Fig. i8r), into the lower extremity of which a dudng^°Sparks 

platinum wire, is sealed. This wire is con- te^weenaWire 

nected with the negative terminal of the indue- ' 

tion coil. An insulated platinum wire, B, is adjusted so that it.s 
free end, d, is just above the liquid ; this wire is connected with 
the positive terminal of the coil. 
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One of the best methods of producing line spectra is by 
the aid of a vacuum tube. Platinum terminals are generally 
used, and the electric discharge from an induction coil is 
sent between these through a rarefied gas or vapour. The 
vacuum tube may take the form of a capillary 
tube joining two bulbs into which platinum 
terminals are sealed (Fig. 182). The dis- 
charge passes through the capillary tube, and 
the gas there becomes brightly luminous. This 
method is particularly suitable for determining 
the spectra of gases, such as oxygen, hydrogen, 
nitrogen, argon, .&c. It can also be used in 
the case of the more volatile metals, such as 
cadmium, mercury, &c. 

Monochromatic Illumination.— -The readiest 
method of obtaining light approximately mono- 
chromatic is to introduce common salt into a 
Bunsen flame. An iron wire ring of about 
I inch diameter is overwound with asbestos cord, and then 
covered with a paste. made from common salt moistened with 
water. If the Bunsen flame is allowed to pass through this 
ring, a bright and constant 3'ellow flame is obtained. 

The sodium flame is only approximately monochromatic, 
since the spectrum comprises two adjacent lines about equal 
in intensity. When a 
strong illumination by 
monochromatic light is 
required, a mercury 
lamp is now generally 
used. Fig. 183 repre- 
sents a mercury lamp 
due to Arons and 
Lummer.^ The tube ad 
is of frosted glass, ex- 
cept over the ends a 
and d, which are clear. 

The side tubes d and c contain mercury, and platinum 
wires in, p, effect electrical connections with the mercury 

1 “Mercury Vacuum Lamps for Spectroscopic tVork,” O. Lummer, Zeitschr. 
Instrumentmk. 21, pp. 201-204, 1901. 



Fig. 183, — Mercury Lamp. 
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over the range of the spectrum. When the lines are regularly 
ai King eel, they are said to form a series. Balmer has shown 
that the wave-lengths corresponding to seven lines in the 
spectrum of hydrogen can be found by substituting the values 
3 ) 4 ? 5 ) • ■ • • I o, 1 1, for m in the general formula — 


X - 3647 


in^ — 4 


Thus, sulistituLing m = 3, we obtain— 

A 3647 f ^ 3647 = 6564, 

whicli is tlic wave-length, in tenth-metres, c :)rresponcling to the red C 
line of hydrogen. 

Substituting vi ~ 4, we obtain — 

\ = 3647 = I X 3647 = 4862, 

vvhieli is the wave-length corresponding to the blue F line of hydrogen. 
Substituting m = 6, we obtain — 

A = 3647 X = I X 3647 = 4102, 

which is the wave-length corresponding to the violet /i line of hydrogen. 


To test Balmer’s formula, the spectrum of hydrogen has 
been carefully re-examined, with the result that several lines, 
previously unobserved on account of their faintness, have been 
found in the positions indicated by the formula. 

The spectra of a large number of elements, such as Na, Li, K, 
Rb, Cs, Ag, Mg, Ca, &c., have been found to be capable of ex- 
pression by a formula essentially similar to that of Balmer. In 
many cases a line spectrum of an element comprises two or 
more series of a character similar to the above. 

Conditions for Production of Spectra of different kinds.— 
If we now inquire as to the conditions under which fluted and 
line spectra are respectively produced, it may be stated that, as 
a general rule, chemical compounds, such as cyanogen, give 
fluted S23ectra, while simple substances give line spectra. This 
has led to the supposition that line spectra are due to elements 
in the atomic state, while fluted spectra are due to elements, 
or their compounds, in the molecular state. On the other 
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cups surrounding them. £> is a mercury reservoir, used in 
adjusting the quantities of mercury in d and c. The tube ab is 
thoroughly exhausted and sealed at g. When the terminals 
m and fi are connected to a source of electrical supply, an arc can 
be struck between the mercury electrodes d and c by tilting the 
tube. In order to prevent overheating, the whole of the tube, 
with the exception of the ends a and l>, is immersed in flowing 
water. Prof. Lummer works with an arc 3 cms. long, and uses 
a series resistance of 5 ohms in a no volt circuit, the current 
amounting to 16 amperes. The light is observed through the 
clear ends of the tube. The light from a mercury lamp when 
examined spectroscopically, consists of two faint lines, 5790 and 
5770, in the yellow, a very brilliant green line, 5461, and a faint 
line, 4358, in the violet. The resulting illumination is almost 
entirely due to the green line, and is the nearest approach to 
monochromatic light that can readily be obtained. 

Characteristics of Emission Spectra. — The spectrum emit- 
ted by a glowing vapour depends on the nature of the vapour, 
and also on the conditions under which emission occurs. Every 
element appears to have a characteristic spectrum, by observing 
which the presence of the element in a mixture can be inferred 
with certainty. Nevertheless, the same substance can, under 
different conditions, give rise to spectra which are entirely 
different. There are three characteristic classes of spectra. 

A Continuous Spectrum presents the appearance of an un- 
broken luminous band, varying in colour from point to point, 
and shading off on both sides of a certain point at which the 
intensity is a maximum. The point of maximum intensity is 
shifted toward the violet end of the spectrum as the temperature 
of the radiating substance is raised. 

A Fluted Spectrum consists of a number of broad luminous 
bands, sharply defined at one edge, and shading off gradually 
at the other edge (Fig. 184). When examined by a spectrometer 
of great dispersive power, each fluting is found to consist of a 
considerable number of lines, closely packed toward the definite 
edge of the fluting, and more and more widely spaced as the 
blurred edge of the fluting is approached. 

A Line Spectrum consists of a number of sharply defined lines 
(Fig. 185) which may possess a certain obvious regularity of 
arrangement, or may be scattered, seemingly without any order, 


1 


336 


LIGHT FOR STUDENTS 


CHAP. 


hand, mercury vapour, which is known to be monatomic, 
can be caused to give a fluted spectrum. It is even possible 
to cause a substance to emit both spectra simultaneously. 
Monkhoeven used a vacuum tube containing rarefied nitrogen, 
and sent two sepai'ate discharges through the capillary tube ; 
one discharge was obtained by using an ordinary induction coil, 
and the other by using a more powerfuLcoil in the circuit of which 
a Leyden jar and a wide spark gap were included. Two spectra, 
one of which was fluted, while the other consisted of lines, 
were seen simultaneously. The line spectrum was due to 
the discharge from the circuit containing the Leyden jar. 
Generally speaking, a substance which in a vacuum tube can 
give either a line or a fluted spectrum, will give the line 
spectrum when the electrical discharge is most violent ; the 
opposite, is, however, the case with mercury. It has, from 



Fig. 184.— Spark Spectra of Nitrogen. Bright line spectrum, produced by high 
tension duscharge, above ; fluted spectrum, produced by low tension discharge, 
below. (From a photograph by Mr. C. P. Butler.) 


this circumstance, sometimes been conjectured that a substance 
which gives a fluted spectrum at a low temperature, will give 
a line spectrum at a high temperature. Monkhoeven's ex- 
periment apparently negatives this supposition. Michelson 
has proved that when hydrogen is raised to a temperature of 
300° C., the lines of the spectrum are considerably broadened. 
This shows that in ordinary circumstances the gas emitting 
radiations in a vacuum tube is not at a high temperature. On 
the whole, it appears that the emission of radiations by a 
gas in a vacuum tube is not dependent on the temperature, but 
on the disruptive action of the electrical discharge. 

Pringsheim has investigated the conditions under which a 
sodium compound emits waves corresponding to the' D lines. 
He found that, if sodium carbonate is heated in a vessel con- 
taining only a neutral gas, such as nitrogen, no visible radia- 
tions are emitted, even at the highest temperature which he 
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analysed into its harmonic constituents by a prism. Theory 
shows that the wave-length corresponding to the harmonic 
constituent of greatest amplitude will be smaller in pro- 
portion as the arbitrary disturbances are more violent and 
more frequent. If we remember that the velocity with 
which the molecules of a body are moving increases with the 
temperature, we can, in a general way, see why it is that the 
point of maximum intensity in a continuous spectrum is 
shifted toward the violet as the temperature of the radiating 
body is raised. 

Absorption. — When light is incident on the surface of 
a transparent medium, part of the light is reflected, and 
the rest is transmitted unchanged. Certain material media, 
however, act in a very different manner toward light. When 
light is incident on lamp-black or platinum-black, it is neither 
reflected nor transmitted ; the light is absorbed, and ceases to 
exist as light.' Lamp and platinum black absorb waves of all 
lengths, except the very longest. This kind of absorption is 
termed general. 

Certain substances strongly absorb light corresponding to a 
particular part of the spectrum, and transmit the remaining 
light unchanged. Such absorption is termed selective. It^ pro- 
duces black bands in the spectrum of the transmitted light ; 
these are termed absorption bands. A piece of ruby glass (which 
is coloured with oxide of copper) Hansmits the red rays, and 
absorbs the light corresponding to the remainder of the 
spectrum. 

Expt. 56. — In front of the slit of a spectroscope place a test-tube con- 
taining an aqueous solution of gamboge yellow. The resulting spectrum 
is seen to comprise only yellow and green light. In a similar manner 
observe that an aqueous solution of Prussian blue transmits only green 
and blue light. On mixing the above coloured solutions, a green liquid 
is obtained, i.e., one which transmits only green light. 

This experiment explains how it is that a mixture of blue and yellow 
pigments forms a green pigment. The blue pigment absorbs all rays 
except the green and blue, and the yellow pigment absorbs all rays 
except the yellow and green. The mixture absorbs all rays except the 
green, which are transmitted by both pigments. In the case of water- 
colour painting, the light reaching the white paper through a layer of 
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The explanation of the Fi-aunhofer lines was first given by 
Kirchhoff, who observed that many of these lines coincided 
with bright lines in the spectra of the elements(Fig. 185). The sun 
is assumed to consist of an incandescent solid or liquid nucleus, 
suiiounded by a cooler envelope in which oxygen, hydrogen, 
iron, calcium, &c., are present in the form of gases or vapours. 
The vapour of an element absorbs the waves which it would 
emit if it were incandescent, and thus, the white light emitted 
by the solar nucleus is robbed, in passing through the envelop- 
ing layer, of those waves which vibrate in the same periods as 
the elements there present. 

Fiaunhofer observed 576 lines' in the solar spectrum ; manf^ 
more lines have since been observed. Most of these have been 
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K Fraunhofer Lines (D line.s to extreme right, 

n I ^ extreme left). Comparison spectra of hydrogen (above) and 
helium (below). (From a photograph by Mr. C. P. Butler.) ^ ^ ' 


found to conespond to lines in the spectra of elements present 
on the eaith. Consequently we have good grounds for believing 
that the chemical constitution of the sun is similar to that of the 
earth. 


It will always remain a matter for some surprise that the presence of 
the dark lines in the solar spectrum was not observed by Newton. 
Very common prisms will serve to make some, at any rate, of the 
Fraunhofer lines visible ; an ordinary prism from a candelabrum will 
suffice for this purpose. There appears to be no doubt that, under the 
conditions of his investigations, the dark lines should have been seen. 
He was quite aware that, if light from a small circular hole is merely 
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refracted liy a prism and then allowed to fall on a white screen, the 
coloured image con.sists of nuinberk.ss small coloured circles which 
overlap. To avoid this, he says : “ That those circles may answer more 
directly to that hole, a lens is to be placed by the prism to cast the 
image of that hole upon the paper.” He then adds : “ Yet instead of 
the circular hole, ’tis better to substitute an oblong hole shaped like a 
long parallelogram, with its length parallel to the prism. For if the 
hole be an inch or two long, but a tenth or twentieth part of an inch 
broad, or narrower, the light of the image [/.e. the spectrum] will be 
as simple as before or simpler, and the image will become much 
broader, and therefore, more fit to have experiments tried in its light 
than' before.” A possible explanation of Newton’s failure to observe 
the dark lines is that he used an assistant for observing the spectra in 
certain experiments. “An assistant, whose eyes for distinguishing 
colours were more critical than mine, did by right lines, .... drawn 
across the spectrum, note the confines of the colours.”^ 

Stellar Spectra. — In examining the spectra of the stars, a 
considerably simplified apparatus may be used. In the first 
place, since the stars appear as mere points of light, at a 
distance from the earth which is practically infinite, the light- 
waves arriving at the earth will be sensibly plane, so that no 
slit or collimator is rec^uired. A prism is mounted in front of 
the object-glass of the telescope, and a narrow coloured line, 
the spectrum of the star, is seen through the eye-piece. When 
it is sought to photograph the spectrum of a star, the refracting 
edge of the prism is adjusted to be exactly parallel to the 
direction of the apparent motion of the star due to the rotation 
of the earth. In these circumstances the apparent motion of 
the star merely broadens the spectrum without destroying any 
of its detail. The small approximately straight line joining the 
initial to the final position of the star corresponds to the linear 
slit of a spectrometer. 

The stars are found to possess definite spectra (Fig. i86), 
some of which, in general appearance, resemble the solar spectrum, 
while others are more nearly allied to the fluted spectra of some 
elements. Dark lines corresponding to a number of elements 
present on the earth (including hydrogen) have been observed. 
The spectra of the nebulae consist entirely of bright lines ; this 

1 “On the Formation of a Pure Spectrum by Newton,” G. Griffith, B. A. Report 
1885, p. 940. 
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seems to show that the nebulae are masses of incandescent gas, 
which have not, as yet, cooled so far as the sun has, so as to 
acquire solid (or liquid) nuclei. 

Invisible Portions of the Spectrum.— The portion of the 
spectrum which can be directly perceived by the aid of our eyes 
is comprised between the wave-lengths 3930 (violet) and 7594 
(red). It has laecn proved, however, that the ethereal waves 


I. e Orionis. 


2 . o- Carina:. 


3 - a Canis Majoris. 


a Aurigse. 


5 . o Ceti (Mira). 



Fig, 1^6. — Stellar Spectra, (r) e Orionis, continuous spectrum 
with narrow hydrogen lines ; (2) a Carintr, continuous spectrum 
with broader hydrogen lines ; (3) a Canis Majoris, continuous 
spectrum with very broad (or enhanced') hydrogen lines ; (4) a 
A urig-cp, spectrum resembling that of sun (5) 0 Ceti, spectrum 
composed of bright lines and flutings. (From photographs by 
Mr. C. P. Butler.) 

which can affect the eye, and so produce vision, form only a 
small portion of those reaching us from the sun. The spectrum, 
in fact, extends beyond its visible limits at both ends. 

The portion of the spectrum extending beyond the violet, 
(termed the ultra-violet spectrum) can be directly observed by 
the aid of photography. The short waves corresponding to this 
portion of the spectrum are particularly active in decomposing 
salts of silver, and have, for this reason, been termed actmic. 
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The ultra-violet spectrum can be photographed without difficulty, 
if a prism is used which does not absorb waves of short length! 
A glass prism is found to be unsuitable for this purpose, since it 
is practically opaque to the greater portion of the ultra-violet 
radiation ; a quartz prism is, however, found to be transparent 
for short waves, and so is universally used. It has also been 
found that atmospheric air absorbs the ultra-violet radiations ■, 
by experiments conducted m vamo, the properties of ultra- 
violet waves as short as i,ooo tenth-metres have been observed 
The ultra-violet solar spectrum is found to be continuous, like 
the visible spectrum, and also to comprise a number of dark 
lines. Ultra-violet radiations have been found to be reflected 
and refracted according to the usual laws, and can be caused to 
interfere, and can be polarised by tourmaline, like ordinarv 
light. ^ 


The existence of a portion of the spectrum extending beyond 
the extreme end of the visible red was first observed by 
Herschel in 1800 ; it is termed the infra-red spectrum. Herschel 
found that a thermometer with a blackened bulb, when placed 
at a point some distance beyond the fed end of the visible 
spectrum, indicated a i-ise of temperature which proved that 
radiations were reaching it. To study Ihe infra-red spectrum 
we need, in the first place, a prism of a substance which does 
not absorb radiations of long wave-length ; in the second place 
we need an instrument which will indicate a very small rise of 
temperature due to the radiations absorbed. Prisms of rock- 
salt, sylvine (a crystalline form of potassium chloride re- 
sembling rock-salt), or fluor-spar are generally used •, quartz 
pi isms may be used for very lo?tg wave-lengths. The instru- 
ments used for absoi;bing the radiations, and indicating the 
consequent rise of temperature produced, are the thermopile, 
the ladio-mici ometer, and the bolometer.^ 

The most elaborate study of the infra-red solar spectrum has 
been carried out, in the course of many years, by the American 
physicist. Prof. Langley, by the aid of his bolometer. This 
consists of two blackened strips of platinum, about a tenth of a 
millimetre in breadth, and a hundredth of a millimetre in 
thickness, arranged to form two arms of a Wheatstone’s bridge. 


^ For a description of the.se instruments the student 
Auvnnced Students, hy the Author, Chapter XIX. 


is referred to /feat for 
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that tJic galvanometer shows im ^ adjusted so 

strips arC.ul,e .ate te" 

in the usual way by the aid nf o ’ / soUi spectrum is formed, 

rv/“S 

lajuveuesb or tne arrang-ement is snH-i tiiof 

wine n I degree produces a readable deflection 

What would be a dark band in the spectrum, could our eyes be 
affected by the long mfra-red waves, will fail to heat the^nlati 
mim strip, and the galvanometer deflection will be diminfshed 

attached to the galvanometer needle, falls on a photographic 
1 < e which IS caused to move up or down’ at a speed pro- 
por lonal to the rate of rotation of the prism ; for instance ^the 
pro ogiapiic plate moves vertically through a centimetre rkile 
the prism rotates through one minute of arc. In this way, as 
■re spectrum slowly grasses across, the exposed strip of platinum 
the galvanometer registers its own deflection, which tells us 

^ 1 is focussed on the strip. Two 

ot the resulting curves are shown in the upper part of Fig. 187. 

re spectrum in the lower part of the figure is what w'e should 
see If our eyes were sensitive to the long infra-red waves. The 
wave-lengths of a number of characteristic lines are given in 
microns (p. 331). It will be seen that Langley has investigated 
treinia-red spectrum through a range extending from 076a 
(7,000 tenth-metres) to 5-3^, (53,000 tenth-metres). Thus, while 
the eye is only sensitive to light-waves comprised in a little less 
than a single octave, the bolometer has made us acquainted 
with an additional three octaves of the solar spectrum. 

Our knowledge of the infra-red solar spectrum is not w'holly 
derived from the wmrk of Langley. In 1880, Sir William (then 
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Captain) Abney ob- 
tained a photograph 
of the infra - red 
solar spectrum ex- 
tending to a wave- 
length equal to IT/i 
(the absorption 
band marked </r, 
Fig. 187). Photo- 
graphy of the infra- 
red spectrum has 
never been carried 
beyond this point. 
Previous to 1881 it 
was generally be- 
lieved that the in- 
fra-red solar spec- 
trum ended at r8^ 
(the absorption 
band marked Q, 
Fig. 187); at that 
date Langley dis- 
covered the exten- 
sion of the spectrum 
to S' 3 F- 

Present Know- 
ledge of Infra-Red 
Radiations. —Dur- 
ing recent years 
several most inter- 
esting investiga- 
tions have been 
carried out in con- 
nection with the 
infra-red radiations 
derived from terres- 
trial sources ; some 
of these investiga- 
tions will be de- 
scribed subse- 



Fig. 187. — Langley’s Bolometer Records, and Infra-Red Solar Spectrum. 
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lines R in the neighbourhood of 50^11. The 

reflect fram wave-lengths which are ve^y strongly 

fiom lock-salt and sylvine respectively F and F 
^opresem wave-lengths which are strongly reflected from fUtor? 

Rubens, Nichols, and Aschkinass, to whom we are indebted for 
lengtTw f properties of infiva-red waves of very gtat 
^ ^ paraffin, benzine, and carbon bisulphide are 

speXm“'on Tr‘^^!r' the infra-red 

pectium , on the other hand, water is opaque throueh the 

same lange. Paschen has found that the caJbon-dioxide and 

aqueoi^ vapour in the atmosphere exercise maSced se active 
absorption on waves of lenp-fhQ -^-s selective 

sale absorndnn 17 / lengths 2 8^, 4-3/z, and 5-9^ ; the whole- 

In tL 1 ^ 1“ hits not been confirmed. 

from that r.h' “ arrangement different 

rom that m the tipper one is used. Instead of employing a 

oc^aver" Tti/H ‘°r the scale is graduaLl in 

fabo(r,' onT / " s ■'®Pre‘=e‘»s the visible spectrum 

™ octavelo7^ ™“■^“ To the left are the 

two octaves of ultra-violet waves which have been investigated 

To the right of the visible spectrum are about 6^ ocfaves 
Ween which limits the infra-red radiations have been 
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It has been found 
tliat when an elec- 
tric spark passes 
between two small 
metal balls, ether 
waves of consider- 
able length are 
emitted ; it is these 
waves which are 
utilised in wireless 
telegraphy. The 
shortest waves of 
this kind which 
have been obtained 
possess a wave- 
length of about 3 
ram. In other re- 
spects than wave- 
length, electi'ical 
waves appear to be 
exactly similar to 
the waves produc- 
ing the ultra-violet, 
vdsible, and infra- 
red spectra. It will 
be seen that the 
gap between the 
extreme infra - red 
rays and the short- 
est electi'ical waves 
has been reduced 
to very reasonable 
dimensions. It is 
interesting to note 
that Rubens found 
the properties of 
the infra-red waves 
for X = 50^ to agree 
much better with 
those of electrical 



Fig. 188. — Range through which Ether Waves have been investigated. 
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waves than with those corresponding to the visible spectrum 
Thus, substances like water, which are opaque to electrical waves 
aie also opaque to the long infra-red waves. Benzine, paraffin’ 
carbon-bisuj3hide and gutta-percha are transpareM both 
tie long nifia-ied and the electrical waves. Using an acute- 
angled prism, Rubens determined the refractive index of quartz 
for waves o leagth, X = 56^. He found this .0 be eqL 
ib. Foi electiical waves the refractive index is equal to 2-i'> 
wlnle for visible light the refractive index is equal to i 
Distribution of Energy in the Spectrum.— When waves are 
absoibed by a blackened surface, their energy is converted into 
molecular energy, or heat. This is the principle underlying 
almost all investigations dealing with the infra-red spectrum 
hus, the deflection of the ■ galvanometer used in conjunction 
with a bolometer, is proportional to the rate at which energy is 
being communicated to the strip. It is found that at all points 
in the spectrum the aliove energy transformation occurs : in 
other words, all waves are vehicles of energy. The distribution 
ot energy in the solar spectrum has been determined. From 
Langley s curve (Fig. 187) it would at first sight appear that the 
solar radiations which possess the greatest energy were infra-red 
waves. It must be noticed, however, that the horizontal scale 
below Fig. 187 IS not graduated in wave-lengths, but in degrees 
and minutes of rotation of the prism ; thus, the distance between 
f ^ proportional to their difference of wave- 
1 spectrum is compressed, while 

toward the left it is drawn out ; consequently a greater number 
of vvaves of different lengths must have simultaneously fallen 
on the bolometer strip in the extreme infra-red than in the 
portion nearer to the visible spectrum. Hence, the point of 
maximum energy has been shifted toward the infra-red. When 
the energy curve for solar radiations is drawn with Avave-lengths 
as abscissce (instead of deviations, as in Fig. 187), the point of 
maximum energy is found to lie within the visible spectrum 
between the F and D lines. The general form of the curve is 
shown by the irregular line in Fig. 1S9; the distance between 
and R represents the visible spectrum. The dotted line 
represents the probable distribution of energy in the solar 
radiations before these have been robbed by the selective 
absorption of the sun’s cool enveloping layer, and of the earth’s 
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atmosphere. The remaining curves show the distribution of 
energy m the spectrum of a luminous gas flame, and in that of 
the incandescent positive crater of an electric arc-lamp. 



Fig. 189. Distribution of Energy in the Spectra of Sunlight, the 
Electric Arc light, and Gas light. 

Lord Kelvin estimates that every square foot of the sun’s surface 
radiates energy at the rate of 7,000 horse-power. Mr. Buchanan 
experimenting under the cloudless sky of Egypt, found that every square 
metre of the earth s surface receives energy at the rate of one horse- 
power. The whole earth receives energy from the sun at the rate of 
130 bilhon {z e. 130 X 10 -)_ horse power. Assuming the population of 
theeaith to be 1,500 millions, the power per human being received 
iroiii Llic sun fiinounts to SOjOOO hioi’sc-powcr ! 


The Doppler Effect.— When a locomotive engine, sounding 
Its whistle, runs at high speed through a railway station, an 
observer on the platform may note an abrupt fall in the pitch of 
the whistle as the engine passes him. The change in the pitch 
depends on the speed of the engine, being enhanced by an 
mci ease of speed. Since the pitch of a note depends on the 
period of the sound-waves, and the period, T, of the waves is 
connected with the wave-length, A, by the equation (p. 261) 

VT = \ 

it follows that the length of the sound-waves reaching the 
observer is shorter when the engine is approaching than when 
It IS receding A similar effect may be noted by an observer 
on a tram as he passes a stationary engine which is blowing its 
whistle. The pitch of the whistle is higher while he is 
approaching than Avhen he is receding fiom the stationary 
engine. Thus this phenomenon is obviously due to a relative 
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moiion between the source of the sound and the observer. The 
law^ dechiced from these phenomena is as follows Relative 
motion between an observer and a source of wave disturbance 
increases or decreases the apparent period of the emitted waves 
according as the motion increases or decreases the distance between 
source and observer. The magnitude of the apparent change 
depends on the relative velocity between the two. 

This result is in perfect accord with the wave theory. Let us 
first examine the effect produced by the motion of a wave 
soLiice. Let the uioper half of Fig. 190 represent the simultane- 
ous positions of three spherical wave crests radiating from the 

stationary point O ; a fourth 
crest is suppo|cd to be just 
on the point of formation at 
O. The circles W^, W^, and 
W3 are concentric ; thus, the 
wave-length will be equal to 
the distance between two 
neighbouring circles, and is 
the same in all directions. 

The lower half of Fig. 190 
represents three spherical 
wave crests generated by a 
source of harmonic disturb- 
ance travelling along the line 
OC with a uniform velocity. 
The wave W;( originated 
velocity of a wave depends 



igo.— Doppler EfTect, due to Motion 
of the Wave Source 


from a disturbance at O. Th 
only on the natune of the .oedii,.hi;;:.V‘wi;i=ri^rS- 
m.tted ; thus, smce the medium is supposed not to be in bodily 
motion, the wave w„ .at the end of a short interval of time 
occupies the same position as if the source of disturbance 
weie stationary at O ; consequently, Wj and W, are parts of 
le same sphere. When the wave Wj originated, the source 

to tCfXbT" whh ienhr:;: ? ■ Xh?”"" 

from .a dietSrbance at'TXit A^T”LTrc2 
tia.elledover by the source during a time equal to the period 
of the hannonic disturbance. Hence w, is a sphere of radius 
equal to that of W3, but with centre at B. A fourth wave is just 
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on the point of starting from C, where BC = AB. Directly 
ahead of the moving source, the distance between two crests, 
or the wave-length, is less than the length of the waves 
emitted by the stationary soui'ce. In the rear of the moving 
source the wave-length is greater than the length of the waves 
emitted by the stationary source. Hence at a point toward 
which the source is travelling the wave-length will be smaller 
than if the source were stationary ; at a point from which the 
source is travelling, the rvave- length will be greater than if the 
source Avere stationary. Since the velocity of wave transmission 
is constant for all directions, it follows that the period of the 
Avaves is proportional to the Avave-length ; hence Ave obtain the 
law already i^mnciated. 

Let V be Llie velocity of wave transmission, Avhile v is the velocity of 
the source. If T,, is the period of the harmonic disturbance, then 
OA = vTfj. Let Ag be the length of the Avaves emitted by the stationary 
source, Avhile is the length of the Avaves directly ahead of the moving 
source. Then Aj = Ag - OA =VTg -vT^ = (V - v]Tq. 

ButTo = ^> Thus, Ai = Ag. 

If Ti is the period of the waves arriving at a point directly ahead of the 
moving source, A^ = VTi- Then — 

Ai = VTi = (V - j;)To, and T^ = Tg 

If A2 and T2 respectively denote the wave-length and period of waves 
in the rear of the moving source, it can be proved in a similar manner 
that — 

As = Ag + OA = (V -I- z;)To = Ag ; while T2 = Tg. 

Let us now examine the effect of the motion of the observer on the 
apjAarent wave-length and period of the incident waves. Let the 
observer be travelling with a uniform velocity v from left to right 
(Fig. 191), while plane wave.s Wj, W2, Wg . . . are travelling from 
right to left with a velocity V. Let the observer meet the Avave at 
O ; then, as he travels foi'Avarcl toward the right, he will meet W2 at 
some point A, and Wg at B, where OA = AB. Let Tg be the true 
period of the waves ; then, if the observer were stationary at O, the 


XIV 


THE Spectrum and its teacitings 


353 



wave W2 would reach him T(, seconds after the wave Wj. As it is, he 
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Fig. 191. — Dfippler Effect, 
clue to Motion of the 
Observer 


travels through a distance OA before meeting 
Wj. The true wave-length is equal to Ow. 
The distance OA is equal to z^T^, where Tj 
is the apparent period of the waves. Also 
Aw = VT^. Then, since OA + Aw = Ow, 
we have — 

(w -f- V)T, = VTo, or T^ = T„. 

Thus the period of the waves is apparently 
diminished by the motion of the observer 
in a direction opposite to that of the waves. 

If the observer is moving wdlh a uniform 
velocity, v, in the same direction as the 


waves, it is easily proved that the apparent period, Tg, of the waves will 
be given by — 



which denotes an apparent increase in the period of the waves. 

It can now readily be proved that, if source and observer are moving 
with equal velocities in the same direction, there will be no apparent 
alteration of period. Let the observer be moving along OC (Fig. 190), 

Y - V 

The period of the waves along that line is equal to — — Tg, and 

since the observer is moving in the same direction as the waves, the 

V V -V 

observed period will be equal to — — — . — — Tq = Tq, which is 


the period of the source of harmonic 
disturbance. 

Finally, we must determine the altera- 
tion in wave-length produced by re- 
flection from a moving mirror ; the 
result will also apply to the diffusive 
reflection of light from a white object. 

The upper half of Fig. 192 represents 
a train of plane waves travelling from 
right to left, incident on a reflecting 
surface, S, travelling from left to right. 
The lower half of the figure represents 
the reflected wave train. The wave 
Wj is just in contact with the surface S, 



Fig. 192. — Doppler Effect, due to Re- 
flection from a Moving Mirror. 
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and the reflected wave is in the act of being formed. The length, A-o, of 
the incident waves is equal to OC. Let the reflecting surface meet the 
wave W2 at A, at a time T^ seconds after meeting at O. At this 
instant a second reflected wave is formed. In the time T^ the wave Wj 
has travelled over the distance CA, so that the reflected wave due to 
W^, travelling with an equal velocity, has reached B, where OB = CA. 
Thus, BC = OA = where v is the velocity of the reflecting surface. 

If Tq is the true period of the incident waves, OC — — VTq. The 

length, Aj, of the reflected waves is obviously equal to AB. 

Then — 

VTfl = OA + AB+ BC = 2 z/Ti + A^ 

Further — 

OA + AC = vT, + VTi = VTo. . •. T^ = To- 


Then — 


VT, 


2pV _ 
0- Y + v “ 


+ 


and — 


A, = VT„ I - 


V + 




VTn 


Y — V Y — V 

Y + V V + V 


Thus, since an increase in v diminishes the numerator, and at the 
same time increases the denominator of the fraction by which Ag is 
multiplied, it follows that the diminution of wave-length produced by 
reflection from a moving surface is greater than that produced by motion 
of the wave source or of the observer. The period of the reflected 

Y - V 

waves will obviously be equal to Tg > 


If we suppose the reflecting surface to be travelling in the same 
direction as the waves, the length, Aj, of the reflected waves will be 
V -I- S' . 

equal to Ag ; this may be found by reversing the sign of v. 


The Doppler principle may be illustrated by the following 
experiment ; — 

EXPX. 58. — A tuning-fork mounted on a resonance box is required for 
this experiment. Bow the fork strongly, and then move it to and from 
a wall. When moving away from the observer, and toward the wall, 
the waves reaching the observer directly from the fork are increased in 
length, while those reaching the wall and thence reflected to the 
observer are decreased in length. The two wave trains produce 
“ beats ” which can be distinctly heard. If the vibrating fork is held 
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. stationary at a short distance from a door .which is moved backwards 

and forwards, beats will also be produced ; these illustrate the altera- 
" tion in wave-length produced by reflection from a moving body. 


The Doppler principle can be used to explain a great number 
of phenomena connected with radiation. Some applications 
will be given in the following paragraphs. 

Stellar Motion in the Line of Sight.— If a star is moving 
in a direction at right angles to an imaginary line joining the 
star to the earth (the line of sight), the star’s position in the 
heavens will slowly change. The motion of a star in the line of 
sight will produce no change in its apparent position. On 
the other hand, since a star is a source of wave disturbance, its 
motion in the line of sight will modify the length of the emitted 
waves. As already pointed out, certain lines in stellar spectra 
obviously correspond to elements present on the earth. On the 
other hand, the wave-length of radiations emitted by a star 
approaching the earth should be smaller than if the star were 
stationary ; the corresponding spectral line should be displaced 
toward the violet. Similarly, if the star is receding from the 
earth, the spectral lines should be displaced toward the red end 
of the spectrum. 

In 1868, Dr. Huggins observed that in the spectrum of Sirius 
the F line (hydrogen) is slightly shifted toward the red end of 
the spectrum. This denotes a recession of Sirius from the 
earth. On measuring the exact shift of the F line, its change of 
wave-length became known, and applying the equation already 
deduced, it was found that the relative velocity between the 
earth and Sirius is equal to about 29 miles per second. 

Further observations by Dr. Huggins showed that, while 
some stars are moving away from the earth, others are moving 
toward the earth. The stars Sirius, Rigel, Castor, Regulus, 
and 8 Ursse Majoris (which are situated in that part of the 
heavens which is opposite to the constellation of Hercules), are 
moving away from the earth. The stars Arcturus, Vega, and a 
Cygni (which are situated in the neighbourhood of the con- 
stellation of Hercules) were found to be moving toward the 
earth. 

Nature of Saturn’s Rings.— The planet Saturn is encircled 
by three concentric rings (Fig. 193). The middle ring is 

A A 2 
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separated from the outer .one by a dark space, Cassmi’s divisio 7 t, 
through which stars are sometimes seen. The innermost ring 
is only faintly visible, and is termed the crafie ring. The thick- 
ness of the rings does not exceed 100 miles, while the outer 
diameter of the exterior ring is about 172,310 miles, the inner 
diameter of the crape ring being about 88,190 miles. 

The nature of Saturn’s rings has been the subject of much speculation. 
At first sight, the most probable conjecture seems to be that the rings 
are solid and continuous ; 
but Maxwell proved that 
in this case the rings 
would be unstable — that 
is, a small perturbing 
force would cause a dis- 
placement of the rings 
which woidd increase at 
a greater and greater rate, 
and the rings would 
finally break up into 
fragments. 

According to a second 
theory, each ring consists of a swarm of small satellites, so closely 
packed that they appear to be continuous. Such an arrangement 
would be dynamically possible. 

These two theories lead to different results as to the relative velocities 
of rotation of the exterior and interior edges of a ring. If a ring is solid, 
its outer and inner radii being respectively equal to and r^, then the 
velocity of the outer edge, corresponding to a rotation of n turns per 
second [n being probably a fraction), will be equal to 2-Kr^ x n. The 
velocity of the inner edge of the ring would similarly be equal to 
27 rr 3 X w. Thtts, the outer will be moving more quickly than ike inner 
edge, since n \s, constant for both, while is greater than r^. 

If the rings consist of swarms of small satellites, each satellite must 
be in equilibrium under the action of its centrifugal force and the 
attraction exerted upon it by the planet Saturn. By Newton’s law of 
gravitation, the attraction between two bodies, of masses M and m, is 
proportional to the product M;«, divided by the square of the distance 
between the centres of the bodies. If M denotes the mass of Saturn, 
and m that of a satellite at a distance r from the centre of Saturn, the 
gravitative force acting on the satellite will be equal to (G . 
wliei'e G is the attraction between two bodies, each of unit mass, at 



Fig. 103.— The Planet Saturn. 
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unit distance apart. Further, if v is the velocity of the satellite, its 
centrifugal force is equal to Thus, for the circular motion of the 

satellite to be permanent — ■ 

mv^ _ GMm ^ 2 _ GM 

r r“ ’ ’ " r ‘ 

Thus, the satellites farthest away from the planet, forming the otiter 
edge of a ring, will possess a smaller velocity than those nearer to the 
planet, forming the inner edge of a ring. 

The rings of Saturn are known not to be self-luminous, but to 
owe their visibility to reflected sunlight. Although this light 
is relatively feeble, spectroscopic analysis of it reveals some of 
the more pi'omlnent Fraunhofer lines. If the rings 'were 
stationary, these lines would occupy the same position as in the 
solar spectrum. Ifthe rings are revolving, then the portions to 
the right and left of Fig. 193 will be moving in the line of sight, 
and Doppler effects will be produced. The spectrum of the 
light from that side of a ring which is moving toward the 
observer will show a displacement of the Fraunhofer lines in 
the direction of the violet end of the spectrum. This displace- 
ment, according to the satellite theory, will be greater for the 
inner than for the outer edge of a ring, since, according to 
that theory, the inner edge is moving more quickly than the 
outer edge. The opposite would be the case if the rings were 
solid and continuous. 

Professor Keeler investigated this point, and obtained 
decisive evidence in favour of the satellite theory. The 
Doppler displacement was found to be greater for light from 
the inner than for that from the outer edge of a ring. Des- 
landres confirmed Keeler’s results, and in addition was able to 
determine the velocity of I'otatioii at the outer and inner edges 
of the ring system. He was also able to determine the rota- 
tional velocity of the planet it:elf. 

Deslandres found that the rotational velocity at the equator of Saturn 
is 9 ‘38 kilometres per second ; the calculated value is I0’3 kilometres 
per second. The inner ring has a velocity of 20 u kilometres per 
second (calculated 21 -o) ; the outer ring has a velocity of 15-4 kilo- 
metres per second (calculated I7'i4)- 

Broadening of Spectral Lines.— -According to the kinetic 
theory of gases, the molecules of a gas are moving hither and 
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thither with great velocities. At o° C. a hydrogen molecule on 
an average possesses a velocity of the order of i'84 x lo® cm, 
per second.! Its velocity is proportional to the square root of 
the absolute temperature. 

When a gas or vapour is rendered luminous, it appears that 
a small portion of the molecule is set in periodic motion, and so 
disturbs the ether and produces the waves which constitute 
light. Thus, each molecule of a gas may be considered as 
possessing a source of harmonic disturbance which is carried 
with it through the ether. The waves radiating from a molecule 
will be shorter in the direction in which the molecule is moving 
than in the opposite direction. A multitude of molecules carry- 
ing similar sources of harmonic disturbance, but moving in 
different directions, will thus produce a great number of waves 
of lengths which vary slightly from that which would result if 
the molecules were stationary. The radiations emitted by a 
heated gas or vapour will not, therefore, be confined strictly to 
isolated wave-lengths, and the spectrum will not consist of mere 
lines, but of bands bright at the centre, and shading off at the 
edges. A rise of temperature will increase the breadths of the 
spectral lines. 

This lesult can easily be observed, by the aid of a spectro- 
meter which will separate the D lines. A Bunsen flame into 
which a little common salt has been introduced emits radiations 
which are approximately homogeneous, so that the spectral 
lines are narrow. If, however, metallic sodium is introduced 
into an electric arc, each spectral line is much broadened and 
blurred at its edges, and its centre is marked by a black line. 
The sodium molecules in the cool outer layer of vapour absorb 
the wave-lengths corresponding to their natural periods, and 
thus reverse the centre of each line ; but the longer and shorter 
waves emitted by the quickly moving molecules in the intensely 
heated arc are allowed to pass, and produce the blurred edges 
of the lines observed. 

1 See Hea^/or Advanced Sivdenis, by the Author, p. 296. 
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Questions on Chapter XIV 

1. Give a general explanation of Fraunhofer’s lines in the solar 
spectrum, and describe an experiment to verify the explanation. (A. 
1893.) 

2. What information as to the constitution of the heavenly bodies 
can be obtained from an examination of their spectra? (A. 1898.) 

3. Sketch the plan of a spectroscope, explaining the use of the 
collimator ; and describe how to make a map of the spectrum of a 
given substance. (A. 1 889. ) 

4. The spectra of many gases consist of large numbers of very fine 
lines. What relations have been discovered between the frequencies of 
vibration which correspond to different lines in such spectra? (H., 
II., 1901.) 

5. An iron ball is made white hot, and its spectrum examined by a 
spectroscope. What will be the nature of the spectrum seen ? Again, 
a piece of iron is used as one of the poles in the electric arc, and the 
spectrum examined. In what respects do the two spectra differ from 
one another? To what molecular conditions do you suppose the 
difference to be due ? (A. 1888.) 

6. Give some account of the instrumental methods used by Langley 
in his investigation of the infra-red radiations of the sun. (Lond. B.Sc. 
Flons. 1898.) 

7. Describe the bolometer, and explain the method of using it to 
investigate the infra-red portion of the spectrum. (A. 1896.) 

8. How would you prove that the thermal, chemical, and luminous 

effects of the same part of the visible spectrum are not due to three 
different causes, such, for instance, as three different kinds of co- 
incident rays ? (A. 1 898. ) 

9. Describe a method of investigating the infra-red part of the 
spectrum, and give the principal results arrived at. (A. 1894.) 

10. If the earth were moving very rapidly through space, what 
would be the general effect on the spectra of stars which it was ( i ) 
approaching, (2) receding from ? Give full reasons for your answer. 
(A. 1897.) 

Practical 

1. Draw, for the given spectroscope, a curve showing the relation 
’ between the wave-length and the readings of the scale in the spectro- 
scope. (Lond. B.Sc. Hons. 1895.) 

2, Construct a map the absorption spectrum of the given liquid, 
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using light of known wave-lengths to calibrate the spectrometer (H 
1897.) 

3. You are supplied with specimens of salts, and with a mixture of 
several of them. Determine, by means of the spectroscope, which of 
the salts are present in the mixture. (li. 1896.) 

4. Map the spectra of the given metallic salts. (H. 1891.) 

5 - Set the prism on the spectroscope to minimum deviation for 
soda light, and determine, for different thicknesses of the liquid supplied 
to you, the difference of the deviation of D and of the red end of the 
absorption band produced by the liquid. Exhibit your results in a 
curve, the thickness of the absorbing layer being alrscissre dl 


CHAPTER XV 


RADIATION, ABSORPTION, AND DISPERSION 

Meciianical Pressure of Light. — On the corpuscular theory, 
light should, exeit a mechanical pressure on a body on which it 
is incident. Each light corpuscle must possess energy, and, on 
sti iking a body, its velocity must be annulled (if the light is 
absorbed) or reversed (if the light is totally reflected). The 
pressure would be greater in the case of reflection than in that 
of absorption, from considerations similar to those used in 
explaining the pressure of a gas on the kinetic theory. 

There appears to be no obvious reason why transverse waves 
in an elastic solid should produce a mechanical pressure j but 
Maxwell proved that, on his Electro- Magnetic Theory, sunlight 
should exeit a pressure amounting to about 0‘4 milligrams per 
square metie of a black surface, or about o '8 milligrams per 
square metre of a perfectly reflecting surface, the light in both 
instances being incident normally. More generally, Maxwell’s 
law states that the mechanical pressure per unit surface, due to 
a parallel pencil of light incident normally, is equal to the 
energy per unit volume of the ether near the surface. If there 
is a reflected ray, its energy must be added to that of the 
incident ray. 

It is difficult to nieasuie such a small pressure, and complications arise 
from the circumstance that, to avoid the effect of air currents, the ex- 
periment must be performed in vanio. If the vacuum is not perfect, 
the residual gas will exert reactions on the surface on which the light is 
incident. This is due to the circumstance that absorption of the light 
raises the temperature of the surface, and the gas molecules rebound 
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from the latter with a greater velocity than that with which they strike 
it. This is the explanation of the action of Sir William Crookes’s 
radiometer (Fig. 194). In this instrument four platinum vanes are 
mounted on a light framework which is pivoted on a fine needle-point, 
the whole being enclosed in a glass vessel which is highly exhausted. 

Each vane is blackened on one side, 
and polislied on the other. When 
the instrument is exposed to light, 
rays are absorbed by the Idack, and 
reflected from the polished, sur- 
faces. Each blackened surface ex- 
periences a rise of temperature 
which does not penetrate to the 
opposite polished face of the vane. 
The residual gas is, in its turn, 
heated ; in the terms of the kinetic 
theory, the gas molecules, striking 
a hot, blackened surface, rebound 
with an augmented velocity; and, 
since action and reaction are equal 
and opposite, a pressure is exerted 
on the black surface. Since the 
opposite polished surface of the 
vane is at a lower temperature, the 
molecules striking this will experi- 
ence a smaller increase of velocity, 
and the resulting pressure will also 
be less. Thiis, the vanes will revolve as if the blackened surfaces were 
repelled by light to a greater extent than the polished surfaces. 

According to Maxwell’s theory, the true pressure of light is 
twice as great on a polished as on a blackened surface ; the 
same result would follow from the corpuscular theory. On 
either of these theories, the vanes of a Crookes’s radiometer 
would revolve in the opposite direction to that generally ob- 
served, if the vacuum were made perfect. 

It is only quite recently, by the labours of Lebedew, that 
Maxwell’s views have been confirmed. In a glass globe 20 
cms. in diameter a thin glass rod, IT (Fig. 195), was suspended 
by a very fine glass filament. This rod carried two sets of 
vanes, and Pg, each set consisting of two discs of platinum 
5 mms. in diameter, at a distance of about 2 cms. apart. Of each 
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pair, one disc was polished on both sides, while the other 

was blackened on both sides. The discs of one pair were o’l 

mm. in thickness, while those of the other 

pair were o-o2 mm. in thickness. The glass 

rod, H, carried a small mirror, M, by means ” 

of which any rotation of the vanes could be Im 

detected and measured. * 

The arrangement of the appai'atus is re- 
presented in Fig. 196. Light from an arc 
lamp, S, was rendered parallel by a lens, and p p.. n ^ 
then, by means of a set of mirrors and a 
second lens, was focussed on one of the p ^ M jfc 
discs, A. By moving the double mirror M ^ 

from one side to the other, the light could 
lie focussed fii-st on one side, and imme- igs-— Suspended 

diately afterwards on the other side, of a ^ 

particular disc. The mean of the two de- 
flections thus produced will be independent of currents in the 
residual gas. The radiometer action, which depends on the 
difference m temperature of the opposite faces of a disc, would 

■naturally be greater for a 
thick than for a thin disc. 
To render the radiometer 
action as small as possible, 
the exhaustion of the bulb 
was carried on until a greater 
deflection was pi-oduced 
when the light was incident 
on a polished vane than when 
it was incident on a black- 
ened vane. After reducing 
his observations, Lebedew 
found that light exerts a true 
pressure on a surface on 
ivhich it is incident^ this 

Fig. 196.— Letiedew’s Apparatus for pressure bemg twice as preat 
measuring the Mechanical Pres- f * * 

sure of Light. for a reflecting as for an 

absorbent surface. The ab- 
solute magnitude of the pressure was found to be equal to that 
predicted by Maxwell. 
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Tails of Comets. — The above result is of interest, as it ex- 
plains why a comet develops a tail as it approaches the sun. 
The tail is always directed away from the sun, no matter what 
may be the direction of the comet’s motion (Fig. 197). This 
indicates a repulsion by the sun, and it follows from the law 
of the pressure of light, that such a repulsion would occur. The 
gravitational attraction 
of the sun on a body 
at a given distance 
from it, is proportional 
to the mass of the 
body, and this in its 
turn is proportional to 
the cube of the linear 
dimensions of thebody. 

The repulsion, due to 
the pressure of light, 

will be proportional to ,97._Fovms assumed by a Comet in its 

the surface of the passage round the Sun. 

body, i.e. to the square 

of its linear dimensions. Hence, the ratio of the repulsion 
to the attraction will be inversely proportional to the linear 
dimensions of the body, so that in the case of a very small 
body the repulsion may preponderate. Thus, the tail of a comet 
probably consists of small stones, from a centimetre in diameter 
downwards, while the head of the comet consists of an aggre- 
gation of large stones. This explanation seems to have been 
first proposed by the late Prof. Fitzgerald. 

Fluorescence. — As a general rule, when light is absoi-bed by 
a body, its energy becomes transformed into that of molecular 
motion, or heat. In certain cases the absorbed light gives rise 
to new light-waves, generally of a particular wave-length, or at 
least confined between comparatively narrow limits in the spec- 
trum. This phenomenon is termed fluorescence. As a general 
rule, the violet and ultra-violet parts of the spectrum are most 
active in producing fluorescence. Sir George Stokes investi- 
gated this point as follows. He formed a pure spectrum on a 
screen, using sunlight or the electric arc as an illuminant, the 
prism and lenses employed being of quartz. A strip of white 
card, which had been painted thickly with a paste made fi-om 
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sulphate of quinine moistened with a little dilute sulphuric acid, 
was placed beyond the violet end of the spectrum ; it was found 
to fluoresce brightly, emitting a blue light. A number of dark 
bands, similar to the Fraunhofer lines in the visible spectrum, 
were observed. The visible parts of the spectrum were practically 
inactive in producing fluorescence in the sulphate of quinine. 

There is a great number of substances which exhibit fluor- 
escence. Ordinary paraffin oil when exposed to sunlight exhibits 
a bluish fluorescence in the layer on which the light is incident. 
The reason why the fluorescence is confined to the layer on 
which the light is incident is, that this layer absorbs the waves 
which are capable of producing fluorescence, the transmitted 
light thereby being rendered inactive. * One of the most 
brilliantly fluorescing substances is the aniline derivative termed 
fluorescene. This emits a brilliant yellowish-green light when 
exposed to daylight or the light from an electric arc lamp. If 
a piece of paper which has been moistened with a solution of 
fluorescene is placed on the surface of water in a large beaker, 
a beautiful tree-like growth, fluorescing brilliantly, will be ob- 
served to spread downwards from it; each “twig” ends in a 
small vortex ring. A piece of crushed horse-chestnut bark, 
which contains a fluorescent substance termed cssculm, can be 
substituted for the paper moistened with fluorescene ; in this ease 
the fluorescence is blue. 

From his experiments. Sir George Stokes was led to frame 
the following law : When the refrangihility of light is changed 
hy fluorescence, it is always lowered, and never raised. In other 
words, the waves emitted during fluorescence are always longer 
than those which are absorbed, and thus give rise to the 
fluorescence. Certain exceptions to this rule occur ; these may 
be explained by assuming that, in cases where Stokes’s law is 
not obeyed, some sort of chemical reaction occurs. 

Sodium vapour fluoresces brilliantly when exposed to sunlight, 
emitting rays which correspond to bands in the green and red 
parts of the spectrum, together with a very bright yellow band 
in the mean position of the D lines. 

Phosphorescence. — Fluorescence continues only so long as 
light is incident on the fluorescent substance. Certain sub- 
stances, after being exposed to light of short wave-lengths, 
continue to emit light when placed in a dark room. This 
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phenomenon is termed phospliorescence. Prominent amongst 
phosphorescent substances are the sulphides of calcium, barium, 
and strontium. Balmain’s luminous paint is composed of these 
sulphides. It will continue to phosphoresce for some hours in a 
dark room after exposure to sunlight.^ 

It is found that violet and ultra-violet light are most active 
in producing phosphorescence. If a card, coated with Bal- 
main’s paint and made slightly luminous by a short exposure to 
sunlight, is then exposed for some time to a continuous spectrum, 
it is found on removing the card to a dark room, that the parts 
illuminated by the less refrangible rays of the spectrum have 
ceased to phosphoresce. Thus, the incidence of long waves 
on a phosphorescing body tends to destroy the phosphores- 
cence. 

Becquerel found that many substances, which apparently are 
not phosphorescent, yet emit visible radiations for a short 



Fig. 198. — Becquerel’s Phosphoroscope. 

time after exposure to light. The apparatus he used, termed 
a phosphoroscope, is . represented in Fig. 198. Sunlight, after 
traversing the lens L, is brought to a focus at ?/z. The glass 
tank E, placed in the path of the light, can be filled with a 
solution which absorbs any particular wave-length which it may 

1 Exposure of a substance to sunlight in order to provoke phosphorescence, is often # 

termed insolation. 
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be required to suppress. The substance to be tested for phos- 
phorescence is supported by a stirrup at inside a cylindrical 
box, provided with two opposite windows, A and B, in its plane 
ends. The axis of the cylindrical box is traversed by a spindle, 
S, which carries two metal discs, the latter being pierced at 
intei'vals with circular apeiTures which pass across the windows 
A and B as the discs rotate. The discs are adjusted so that 
the apertures in one are midway between those in the other ; 
thus, as the discs rotate, the windows A and B are alternately 
covered and uncovered, B always being covered when A is 
uncovered, and vice versd. The discs and the interior of the 
box are coated with dull black paint. The spindle, S, is set 
in rapid rotation by means of a handle, H, actuating a train of 
toothed wheels. Arrangement is made for determining the 
speed of rotation. 

It now becomes easy to understand the method of using the 
phosphoroscope. .As the discs are caused to rotate, an aper- 
ture in the left-hand disc will come in front of the window 
A, and expose the substance at m to the sunlight which has 
traversed the lens L and the tank E. At this instant the window 
B is covered by the second disc ; but after a short interval of 
time, dependent on the speed at which the discs are rotating, 
the window A will be covered and the incident light cut off, 
while the window B will be uncovered. An observer looking 
at the window B will thus see the substance at m only when 
it is not illuminated by sunlight ; by varying the speed of rota- 
tion of the discs the interval between an illumination of m by 
sunlight, and its exposure to the view of the observer after the 
sunlight has been cut off, can be varied at will. If the experi- 
ment is performed in a dark room, the substance at w will not 
be seen unless it phosphoresces. If the substance is phos- 
phorescent, the persistence of visual impressions will allow the 
observer to examine the nature of the radiations emitted ; the 
emitted light may be allowed to fall on the slit of a spectrometer, 
so that the wave-length of the phosphorescent light can be 
determined. 

The following are some of the conclusions reached by Becquerel : — 

(i) After exposure to light, a body may phosphoresce for a period 
varying between 1/5000 second and several hours, according to the 
nature of the body. The strongest and most enduring phosphorescence 
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is exhibited by compounds of the alkalis and alkaline earths, together 
with a few metallic salts. Compounds of alumina are very active, 
while those of silica are quite inactive. 

(2) The phosphorescence occurs throughout the volume of the body, 
if that is small ; it depends only on the intensity and refrangibility of 
the incident light. 

(3) With the same body the colour of the light emitted varies with the 
time which has elapsed after exposure to light. Thus, when examining 
the diamond, the phosphorescence is yellow or orange when the discs are 
rotating slowly ; when the speed of the discs is considerably increased, 
the tint of the emitted light becomes blue. 

(4) The spectrum of the emitted light consists in all cases of bands of 
greater or smaller width, and in all cases the wave-length of the emitted 
light is either greater than, or equal to, that of the incident light. The 
same body may emit radiations of different wave-lengths when excited 
by light of different wave-lengths. 

Professor Dewar has found that many substances, such as 
feathers, egg-shells, etc., acquire the power of phosphorescing 
brilliantly, on being cooled to the temperature of liquid air. 

Oalorescence. — When light-waves are absorbed at a black 
surface, their energy is converted into heat, or energy of mole- 
cular motion. The molecules of the absorbing substance, being 
set in motion, become sources of disturbance in the ether, and 
generate waves in the latter. These waves, in general, are too 
long to be perceived by the eye ; but under special conditions 
visible radiations may be emitted. Tyndall found that a solu- 
tion of iodine in carbon-bisulphide is completely opaque to 
waves corresponding to the visible part of the spectrum, but 
is transparent to a great proportion of the long infra-red waves. 
Accordingly, he placed a thin spherical glass flask, containing 
the solution mentioned, in front of an arc lamp, when the 
transmitted infra-red rays were brought to a focus, the light-rays 
being alssorbed. A piece of paper or a cigar placed at this focus 
immediately burst into flame ; a piece of very thin blackened 
platinum foil was raised to a white heat. In the latter case the 
spectrum of the light emitted was continuous, possessing a point 
of maximum energy for a certain wave-length, just as in the 
case of light emitted by platinum heated by any other means. 
Of course, it is impossible, by any arrangement of lenses or 
mirrors, to raise the temperatm-e of an absorbing body above 
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that of the source ; unless, indeed, some sort of chemical 
change, m which energy is liberated, is induced. This result 
follows from the Second Law of Thermodynamics. Hence 
luminosity cannot be produced by absorbing radiations from a 
source which-itself is not hot enough to be luminous. 

It has sometimes been stated that calorescence is the inverse of 
fluorescence. The two phenomena do not appear to be strictly com- 
parable. Fluorescence is produced by the selective absorption of 
waves of particular lengths, while in calorescence the absorption is 
general. In fluorescence the radiations emitted are comprised in. a 
united number of spectral bands ; in calorescence radiations corre- 
sponding to a continuous spectrum are emitted. Thus, the two 
phenomena appear to be due to entirely distinct causes. In fluorescence 
only the vibrating particles (or electrons) which possess certal^S 
peiiods are set in motion, and this motion is of a regular or periodic 
nature. In calorescence the molecules themselves are set in motion, 
and the violent and^ irregular motion of the electrons, produced by 
collisions or some similar cause, results in the emission of arbitrary 
disturbances, which, on being analyzed. by a prism, are resolved into an 
infinite number of harmonic waves, lying between certain limits in the 
complete spectrum. 

X Eays.— One of the most interesting discoveries of the last 
century was that of the radiations which their discoverer, Pro- 
fessor Rdntpi, termed “X rays,^’ but which are now frequently 
termed “ Rdntgen rays.” A general description of the manner 
in which these radiations are produced, together with their pro- 
perties, will now be given ; it will then be possible to form a 
judgment as to their probable relation to light. 

_ For the production of X rays, a vacuum tube, of a shape 
similar to that represented in Fig. 199, is used. The electrode 
K, which consists of a small concave spherical mirror made 
from thin sheet aluminium, is connected, by means of a platinum 
wire sealed into the walls of the tube, to the negative terminal of a 
powerful induction coil. The other electrode. A, which consists 
of a small sheet of platinum foil inclined at an angle of 45° to the 
axis of symmetry of the tube, is connected in a similar manner to 
the positive terminal of the induction coil. The intermittent 
cun ent thus enters the tube at A, and leaves it at K. A is 
termed the Anods^ and K the Kathode^ of the tube. 

As the tube is exhausted, some very remarkable changes occur. 
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When the enclosed gas is at atmospheric pressure, the discharge 
takes the form of a spark, narrow and tortuous in its course. 
As exhaustion proceeds, the spark spreads out lateially into 
a luminous brush, which nearly fills the tube. By degiees 
the luminous brush becomes stratified, and a daik space 
appears in the immediate neighbourhood of the kathode. As 
the exhaustion proceeds, this dark space increases in magnitude , 
when it has enlarged so far as to reach to the glass walls of 
the tube, these latter become phosphorescent. Within the 
dark space can be seen faint blue streamers ; these leave the 



Fig. 199. — “X Ray” Tube. 


kathode, K, normally, and converge toward its centre of curva- 
tui'e, at which point A is situated. These blue streamers are 
termed Kathode Kays. They apparently consist of streams^ of 
negatively charged particles of very small mass, but moving 
with considerable velocity. Wiechert has directly determined 
the velocity of the particles producing the kathode rays, and 
finds this to be about 5 x lo^ cms. per second. ^ Prof. J. J. 
Thomson estimates that the mass of each particle lies between 
1/500 and i/iooo of the mass of a hydrogen atom. Conse- 
quently, it appears that atoms can be split up into simplex- 
constituents. 

The properties of the kathode rays are as follow : — 

I. They usually travel in straight lines, but if a magnet is placed in 
their neighbourhood, they are deflected, and assume a spiral path 
round the lines of magnetic force. If flexible conductors carrying 
electric currents occupied the same positions as the kathode rays, the 
conductors would curl round the lines of force in a similar manner. It 
has been established, theoretically, that the path of a charged particle 
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IS modified by a magnetic field in the same manner as if it were a 
flexible conductor carrying an electric current. Thus, the magnetic 
deflection of the kathode rays is taken as proof that these consist of 
btieams of charged particles. Experiment proves that their charges are 
negative. 

2 . When incident on a movable object, kathode rays may set the 
latter m motion. The molecules of a body are also disturbed, since a 
piece of platinum foil may be raised to a white heat, or even melted 
under the action of kathode rays. ’ 

_ 3 - Glass is opaque to the kathode rays, but is caused to fluoresce 
biightly under their impact. Soda-glass emits a yellow-green light, 
which shows a band coinciding with the D lines when spectroscopically 
examined ; lead-glass emits a blue light ; while diamonds, precious 
stones, and the rare earths emit light-radiations of characteristic colours. 

4- A thin sheet of aluminium foil is practically transparent to 
Jcathode rays. By making a small aluminium window in the side of a 
vacuum tube, Lenard succeeded in leading the kathode rays into the 
operi atmosphere. At atmospheric pressure, they can penetrate a layer 
0 ^ air 4 or 5 cms.^ thick. They afifect photograiihic plates, and produce 
p losphorescence in many substances, notably in barium platino-cyanide. 
They can still be deflected by a magnet. 


Soon after the exhaustion of the vacuum tube has been carried 
to the point at which the dark space surrounding the kathode, K 
(Fig. 199), extends to the anode, A, a remarkable change in the 
appearance of the tube ensues. If we imagine a plane to be 
drawn thiough the anode A, then the whole of the walls of the 
tube on the kathode side of this plane become brightly fluores- 
cerri. The appearance of the tube at this stage is represented 
in Fig. 199. It follows that the radiations causing this fluores- 
cence are emitted by the platinum anode A ; they are not given 
off solely in a normal direction, as the kathode rays are, but are 
emitted in all directions like the light from a piece of white-hot 
platinum foil. If the_ platinum anode A is shaded from the 
kathode rays, the radiations we are discussing are no longer 
given off from it. Any body interposed in the path of the 
kathode rays gives off similar radiations, whether it forms the 
anode or not. 


The radiations, emitted by a body placed in the path of the 
kathode rays, can escape through the walls of the vacuum tube 
(if these are of soda-glass), and can penetrate a layer of air 
several feet thick. They then constitute the X rays discovered by 
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Professor Rontgen. They travel in straight lines, and produce 
bright fluorescence in many substances, such as banum plat.no- 
cy^ide. They also blacken silver salts, and affect a photo 

Saphic platevery much as violet or ultra-violet light does. Then 
most remarkable property, however, is that they are f^'eely trans- 
mitted through many bodies which are ^ 

It has been proved that the opacity of a substance to X ia)S is 
simply proportional to its density. Thus wood, soda-g ass, and 
aluminium, which are substances possessing very small densities 
are practically transparent to X rays. Lead an P ^ 
the denser metals are, comparatively speaking, opaque to X 
rays. If abody opaque to Xrays is placed between the vacuum 
utbe (Fig. 199} and a photographic plate, a shadow radiograph 
of the body is obtained. Since wood is transparent to X rays, 

U is unnecessary to open the dark slide in which the photo- 
graphic plate is contained. Flesh is compaiatively speaking 
transparent to X rays, while bone, being much denser, is moie 
opaque. Consequently, if the hand is placed between an X lay 
Sand a photographic plate contained in a dark slide, a shadow 
radiograph of the bones of the hand can be obtained. A needle 

or other Ltalllc body embedded m the flesh 

distinct shadow. In the accompanying radiograph (Fig. 200) of 
a human hand, the dark band around the little finger lepiesents 
a ring The break in the ring is due to a stone thiough win 1 
?he rL were able to pass. Photographs of the ribs and back- 
bone of living persons have also been obtained. 

"fa cardboard screen, coated on one side noth a fluorescent 
substance such as barium platmo-cyamde, is placed in fiont of 
N ravtube so that the fluorescent side of the screen faces 
the observer, the light emitted by the tube is cut off, while t le 

"entsibstanLisenergeh 
board is transparent to the X ^ay ; ^ 

tube and the screen casts ^ ^ ^ ^^ones are darker, 

casts a faint shadow, while the shadows J 

X rays cannot ^ J doe^i transmitted 

appear to become diffused, as light does wuo 

through a layer of milk and water. 

# Y ■Rotra T X ravs ate not refracted by material 

, Properties of X Rays. • _ y any 

media ; a glass prism interposed in their path 1 

deviation, 
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2. X rays are diffusively reflected from a polished surface, much 
as light is reflected from ground glass. There is no definite reflected 
ray corresponding to a particular incident ray. 
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4. The -velocity of transmission of X rays has not been definitely 
determined, hut it has been proved to be very great, comparable -with 
that of light. 

5. No indisputable evidence of interference has been obtained with 
respect to X rays. 

6. X rays are not deflected by a magnet, as kathode rays are. 
Thus X rays do not consist of streams of charged particles. 

7. X rays, on passing through air, cause the latter to conduct 
electricity. Ultra-violet light has a similar action. It appears that in 
both cases negatively charged particles, each possessing a mass com- 
parable with i/iooo of the mass of a hydrogen atom, are shaken off 
from the air molecules. 

Theory of X Rays. — It appears probable that X rays con- 
sist of ultra-violet light of extremely short wave-length. This 
would account for the difficulty of obtaining interference, since 
the bands may be too narrow to be visible. It would also ex- 
plain the diffusive reflection of X i-ays. The smoothness of a 
surface necessary to obtain regular reflection depends on the 
wave-length of light employed ; ground glass, which reflects 
the long infra-red rays regularly, reflects ordinary light diffu- 
sively. We shall see presently that Sellmeier has proposed a 
theory of refraction, according to which all material media 
should possess a refractive index equal to unity for radiations 
of very short wave-length. This will account for the absence of 
refraction and polarisation. 

Becquerel Bays.— Rontgen discovered the X rays in 1895. In 1896 
Becquerel discovered that the salts of uranium emit invisible radiations 
which affect photographic plates and cause atmospheric air to become a 
conductor of electricity. This property is not limited to the fluorescent 
uranic salts, hut is shared by the non-fluorescent uranous salts. The 
emission of these radiations has been observed to continue, without any 
apparent diminution, during three years, in which time the active 
substance was preserved in a leaden box with double walls. 

A Polish lady, Madame Curie, has found that pitchblende, the 
mineral from which salts of uranium are extracted, contains a substance 
apparently allied to bismuth, which emits Becquerel rays with 
4CX)0 times the activity of uranium. This substance, which has not 
been completely isolated, has been termed polonium, in honour of the 
native land of the discoverer. A second similar substance, allied to 
barium, has been found in pitchblende ; this has been termed radium. 
A third substance, termed actinium, has also been found ; this latter 
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substance appears to be allied to thorium. All three substances con- 
tinuoudy emit radiations which affect photographic plates. 

Becquerel rays can be neither reflected, refracted, nor polarised. 
They have been proved to comprise three distinct kinds of radiation. 
The a rays consist of streams of positively charged particles, of atomic 
dimensions, travelling with a velocity of 2 x lo'J cms. per second. The 
jS rays consist of streams of negatively charged particles, each much 
smaller than an atom, and travelling with a velocity of i x 10^® cms. per 
second. The 7 rays are apparently similar to X rays. It has been 
estimated by Rutherford that a given quantity of radium loses about 
1/30,000 of its mas's per annum in the form of a rays, which appear to 
consist of helium atoms. 

Sellnxeier’s Theory of Dispersion, — We are now in a 
position to appreciate a beautiful theory, proposed by Sellmeier 
in 1871, to account for the refraction and dispersion of light by 
material media. We have already seen that it must be supposed 
that material substances are interpenetrated by the ether ; each 
material molecule is surrounded by the ether, much as a leaf 
of a tree is by the air. In order to account for refraction and 
dispersion, it must be assumed that the properties of the ether 
are modified by the presence of the material molecules, in 
such a manner that the velocity of wave transmission through 
it is diminished. Some investigators have assumed that the 
material molecules condense the ether in their neighbourhood. 
This assumption presents two serious difficulties. In the first 
place, to account for the absence of longitudinal waves, it is 
generally assumed that the ether is incompressible. In the 
second place, a true condensation of the ether would entail an 
equal velocity for all wave-lengths of light, which is contrary to 
our experimental knowledge. 

Sellmeier proceeded on other lines. He assumed that the 
material particles which, by their vibrations, produce light-waves, 
possess definite positions of equilibrium with regard to the 
ether ; thus, any displacement of the ether in the neighbourhood 
of a molecule displaces the position of equilibrium of the 
vibrating particle. On the other hand, a particle when dis- 
placed with respect to the ether, oscillates to and fro about its 
position of equilibrium in a definite period. The number of 
vibrating particles is supposed to be so great that a considerable 
number lie along a length equal to that of a light-wave ; but the 
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particles are themselves so small that no appreciable amount of 
the ether is displaced to make room for them, and the rigidity 
of the ether is unmodified by their presence. In this case, light- 
waves travelling through a material substance will set the 
vibrating particles in motion, and the reactions of these will 
modify the velocity of wave transmission. 

We have already (p. 280) obtained a formula for the velocity of wave 
transmission through an elastic solid in which heavy particles, capable 
of free vibrations, are embedded. In a medium of which unit volume 
encloses n-^ particles with a free vibration period equal to T^, together 
with particles with a free vibration period equal to T^, waves of 
period T will be transmitted with a velocity V, given by the equation— 

•y 2 * 

— I = ^hl^i 

where Vq is the velocity of wave transmission in the medium when un- 
hampered by vibrating particles, and and Kg are constants depending 
on the dynamical properties of the particles (p. 281). 

We can now simplify this formula. In the first place, the 
ratio Vfl/V will be equal to the refractive index, /r, of the 
medium. Further, we may multiply the numerators and 
denominators of the fractions to the right of (i) by Vq^. Then 
VoT will be equal to X, the length, in the free ether, of the 
waves of period T. We may substitute X^ for VoTi ; this is 
the length, in the free ether, of waves wdth a period T^, equal to 
that of one set of vibrating particles ; in other words, X^ is the 
wave-length of the radiations which the particles will emit when 
set in vibration. Similarly, we may write VoTg = Xg. Then — 
X2 X2 

>2 = 1+ • • (2) 

which determines the refractive index of the medium in terms 
of the wave-length. 

Equation (2) was originally obtained by Sellmeier. It is often, un- 
justly, termed the Ketteler-Helmholtz dispersion formula. The foimulse 
obtained by Ketteler and Helmholtz differ from (2), and the work of 
these investigators was subsequent to that of Sellmeier. 

Interpretation of Sellmeier’s Dispersion Formula.— We 
must now examine the manner in which the refractive index of 
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I. INFINITELY SH 0 RTWAVES.-If X is excessively small in 
compaiison with Xj andXg, the two fractions to the right of ( 2 ) 
In tha^t case— value, and we may equate them to zero. 


Thus, infimtely short waves will be transmitted with a velocity 
equal to that in the free ether. If Xrays are etherwaves, simila^ 
to those of ordinary light, but of very short length, the failure of 
mateiial media to refract them is accounted for. 

After Professor Rontgen’s discovery, it was frequently pointed out 
that, according to the dispersion formula obtained by Helmholtz very 
short waves should not be refracted by material media. It seems to 
have escaped general notice that the same result was predicted bv 
bellmeier. ^ 


2. Infinitely Long Waves. — W e may re-write (2) as 


— I + 


- X2 - X~2 


When X is very large in comparison with X^ and X,, the two 
fractions to the right of (3) will be negligibly small. Thus, if 
IS written for the refractive index of a substance for waves of 
infinite length, we have— 

= I + zZiICj + zzgKg. 

From the value of K given on p. 280, it will be seen that 
zqKi and^ i'?2K2 are essentially positive quantities ; hence the 
refractive index of a material substance for infinitely Ions' waves 
will always be greater than unity. 

3 - Dispersion. Equation (3) may be re-written— 

u2 = u 2j, . C 2 

^ X2 - Xi2 + X2 - X 22 ’ 

where 0^ = and C2 = For a given medium in 

a given physical state, and C2 will be constants. 

The manner in which varies with X is shown in Fig. 201. 
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To obtain the curves in Fig. 201 it was assumed that JT. 

while Ai = 12, and = 6. The value assumed for was equal to 
43 ’2, while C2 = 14 '4- case 


= I 7 + ^2 _ 144 


A — J'' 

Substituting various values, between 12 and 25, for A in (4), it is 
seen that as A diminishes, the denominators of the fractions to the rig 



of (4) decrease, so that the value of increases. As the value of A 
approaches 12, the denominator of the fraction 


approaches zero, and thus the value of the fraction itself increases 
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indefinitely. Thus, the broken line curve for fj?’ (Fig. 201) bends 
sharply upwards for values of A. a little greater than A = 12, and would 
touch the straight line A = 12 at infinity. The full-line curve for ^ was 
found by extracting the square roots of various ordinates to the curve 
for plotting the results above the corresponding values of A, and 
joining the points so found. 

Now, = 12 is the wave-length of the radiations which the medium 
would emit if the particles, of which the free period is Tj, were set in 
vibration. ^ Plence, by Kirchhoft’s law (p. 339), the medium will possess 
an absorption band for A = X2. We thus see that the medium will 
possess an abnormally high refractive index for waves slightly 
longer than those which it absorbs. 

As the value of A is changed, from one slightly greater than 12 to one 
slightly less than 12, the denominator of the fraction (5) changes from a 
very small positive to a very small negative quantity. The fraction (5) 
itself changes from an indefinitely great positive, to an indefinitely great 
negative, quantity. Thus, it is seen that for values of A slightly less than 
12, the value of is negative. As A decreases, the fraction (5) remains 
negative, but its numerical value decreases. On the other hand, the 
fraction 


I4’4 
A2 - 36 


( 6 ) 


possesses a positive value which increases as A approaches the value 6. 
Consequently, as A is diminished from 12 to 6, the value of jj? changes 
from an infinite^ great negative, to an infinitely great positive, value. 
Before the curve for fj.- crosses the axis (z.e. when is negative) we 
can find no real value of fi, and there can therefore be no transmission 
of light. The shaded rectangle A (Fig. 201) thus represents the 
position of an absorption band which is not confined to the wave-length 
corresponding to that of the free period of the vibrating particles, but 
extends some distance toward the violet end of the spectrum. The 
breadth of this band will, however, be small, unless the number of 
vibrating particles per unit volume is very great. Becquerel has 
observed a broadening of the absorption bands due to sodium vapour, 
when the density of the latter is increased . 

After the curve for crosses the axis, acquires a positive value, 
which is at first less than unity. The corresponding wave-lengths of 
light are transmitted through the medium with a velocity greater than 
that in the free ether. Thus, the medium will possess an abnormally 
low refractive index for waves slightly shorter than those which it 
absorbs. 

It will readily be seen that as A passes through the value 6, the value 
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of ijp once more changes from an infinite positive to an infinite negative 
quantity. Finally, as X decreases from 6 to o, the value of ij? changes 
from a negative to a positive value ; this positive value approaches unity 
as X is diminished. The shaded rectangle B represents the position of 
an absorption band, corresponding to values of X for which /x is 
negative. 

The curves (Fig. 201) indicate that in general the refractive 
index of a substance increases as the wave-length of the in- 
cident light diminishes. Just below an absorption band {z.e. on 
the side of it toward the red) the refractive index wiU possess 
an abnormally high value. Just above an absorption band 
(z.e. on the side toward the violet) the refractive index will be 
abnormally small, even less than unity. 

^ Verification of Sellmeier’s Theory.— Le Roux found that 
the vapour of iodine refracts red more strongly than violet 
and in 1870 Christiansen announced the result that for 
olic solution of the aniline dye fuchsine (often termed 
+u» refractive index increases from the Fraunhofer 
then sinks rapidly as far as G, and in- 
. beyond. The experimental investigation of 
was continued by Kundt, who proved that 
dispersion (as it is termed) is marked in all sub- 
sing strong surface-colours. A.S the result of his 
Kundt was able to lay down the rule that in 
spectrum, from red to violet, the deviation is ah- 
ised below an absorption band, while above the band 
is abnormally diminished, 

c recently succeeded in constructing small acute- 
of solid fuchsine. On examining the transmitted 
rmed Kundt’s results, and in addition proved that 
tenth-metres, the value of /x is less than unity ; 

= 6000 tenth-metres (in the neighbourhood of the E) 
2'6. Fuchsine strongly absorbs green light, so that 
.WWW will be a wave-length slightly longer than those 
ausorbed, while X = 4500 will be a wave-length slightly smaller 
than those absorbed. 

Fig. 202 is reproduced from a spectrum photograph obtained 
by Prof. R. W. Wood. The horizontal band above VB . . . R 
represents an ordinary continuous spectrum produced by using 
a glass prism with refracting edge vertical. A small solid prism 
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of cyanine (an aniline dye possessing a strong absorption band in 
the greenish-yellow, yellow and orange) was placed, with its 
refracting edge hori- 
zontal and down- 
wards, in the path of 
the spectral rays. 

The resulting spec- 
trum is seen above. 

The red light is ‘ V. B - _G_.Y__O.R_ J 

strongly refracted 

upwards (toward the ' Dispersion of 

base of the cyanine 

prism) The orange, yellow, and greenish-yellow rays have 
been absoibed, the bluish-green light is slightly refracted, anc^ 
die^^iefi action increases from the blue to the violet. (Compare 

is most remarkable verifications of Sellmeier’s theory 

is affoided by Fig. 203, which is reproduced from a spectrum 
p mtogiaph obtained by Becquerel. In the path of rays form- 
ing a horizontal continuous spectrum, a wedge-shaped flame, 
stiongly coloured with sodium, was placed. This flame acted 

air,, refracting edge horizontal 
. P ^ general course the spectrum is slightly 

displaced upwards, due to the small density of the gases in the 
ame ; this displacement is seen from the position of the hori- 
zon a ac - me, ^ which would bisect the continuous spectrum 
ongitudinally if the sodium flame were absent. The red end 

of the spectrum is 
to the left. Imme- 
diately to the left 
of the position oc- 
cupied by the line 
D„ the spectrum 
curves sharply 
downwards {i.e. to- 
ward the base of 
Fig. 203.— Anomalous Dispersion of Sodium Vapour. the wedge-shaped 

, . flame), indicating 

an abnormal increase in the refractive index of sodium vapour 
for wave-lengths slightly greater than that of Di. Immediately 




^ 

— 
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to the right of Di the spectrum is deviated upwards (toward the 
refracting edge of the wedge-shaped flame), indicating an ab- 
normally small refractive index for wave-lengths slightly less than 
that of ; the photograph indicates that for these waves the 
refractive index of the 'sodium vapour must have been con- 
siderably less than unity. As the wave-length decreases, the 
upward deviation diminishes, and finally gives place to a 
strong downward deviation in the neighbourhood of Djj. Above 
Dg we once more have an upward deviation, which rapidly 
diminishes as we proceed along the spectrum. Thus, Kundt’s 
law, which follows as a matter of course from Sellmeier’s dis- 
persion theory, is exemplified in the refraction of sodium 
vapour with respect to each of the D lines. 


Rubens has found that when the values of Cj, C,^, Aj, and A2 
have been determined, Sellmeier’s formula gives correct values for the 
refractive indices of rock-salt, sylvine, fluor-spar, and quartz, over the 
entire range of wave-lengths to which these substances are transparent 
(Fig. 188). For instance, he found that the refractive index of sylvine 
is represented by the equation — 

0-0150 , 10,747 


= 4’S53r + 


p , 

A^ - 0-0234 A^ - 4517-1 


Here the wave-lengths are measured in microns. As already ex- 
plained, there will be absorption bands for the wave-lengths which 
satisfy the equations — 

A^ = 4517-1 and A*-^ = 0-0234. 

Corresponding to A = = 67'2 microns, we have an absorp- 

tion band in the extreme infra-red part of the spectrum. Corresponding 
to A = \/o-0234 = 0-153 microns (or 1530 tenth-metres), we have an 
absorption band in the ultra-violet. Thus, for intermediate values of A, 
the refractive index can be represented by a curve " like that for fi 
between the two absorption bands in Fig. 201. 

Motions of the Vibrating Particles. — Let light-waves of 
period T be transmitted through a medium containing particles 
with free vibration periods equal to T^. Then if a is the ampli- 
tude of the light-waves, while a is the amplitude of the 
executed by the vibrating particles, we have (p. 256)— 

^-2 


a — a 


T2 _ t.2‘ 
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When T = T, we have a = o,. Thus, for waves of periods 

of th J ^ vibrating particles, the amphtudes 

of the vibrations executed by the latter will be very great The 
v^ratmg particles, being set in violent motion, Ihsorh a com 
sideiable amount of energy. It appears that in some cases the 
vibrating particles are actually torn away from the atoms to 
which they belong. Thus, when ultra-violet light falls on an 
insulated metallic body charged with negative electricity the 
charge is quickly dissipated : it is found that particles possessincr 
masses equal to about i/iooo of the mass of a hydrogen atom 
are given oif. and these carry the negative charge away. Ultra- 
violet light seems to exercise a similar dissociating action on 
ordinary air. ° 

The effect produced on the molecules of the absorbing body 
has been explained as follows by Lord Kelvin 

equal to T^ is that each sequence of waves throws some energy into 

uneasv ^""l somehow or other the molecule gets 

uneasy. It takes in (owing to its great density relative to the ether) an 
enormous quantiy of energy before it gets particularly uneasy. It then 
moves about, and begins to collide with its neighbours, peAaps, and 
will therefore give you heat in the gas if it be a gaseous iLlecUe. It 
goes on colliding wUh other molecules, and in that way imparting its 
energy to them. This energy is carried away (as heat) by convec- 

somm^S'lSht ? vibrating in that way becomes a 

frn iln ^ ’1 f radiation of heat 

irom the molecule after it has been o-nf u- r. r 

of light.” ^ ^ ^ ^ sequences of waves 


When light of a certain wave-length is absorbed, the dis- 
turbance of the molecules may set in motion vibrating particles, 
of periods greater than that of the incident waves. Ir! 
this case we have fluorescence. If the particles continue 
vibrating for some time after the light has ceased to be inci- 
dent, we have phosphorescence. In other cases the molecular 
distuibance may produce definite chemical changes, as when 
ight IS incident on silver chloride, or a mixture of hydrogen 
and chlorine. ^ 

Selective Eeflection.— The effective density, p', of a medium 


3^4 


LIGHT FOR STUDENTS 


CHAP. 


possessing only one set of vibrating particles, for waves of 
period T, will be given by the equation (p. 283)— 

P' ^ 

- - I + 

where p is the true density of the ether. It follows that the 
medium will possess an infinitely great density for waves of 
period equal to T^, and the consequence will be that waves of 
this period will be sti-ongly reflected from the surface of the 
medium. Thus we see that a medium will strongly reflect waves 
of lengths approximately equal to those which it absorbs. 

Expt. 59. — Obtain a small piece of plate glass, and suspend this by 
a piece of thin copper wire bound round its edges. Dip the piece of 
glass vertically into a beaker containing a strong solution of fuchsine in 
absolute alcohol, at about 30° to 40° C. On removing the glass from 
the solution, the alcohol quickly dries off, leaving a beautiful polished 
surface layer of fuchsine. 

It will be noticed that the light reflected from the surface 
layer is of a yellowish colour. Fuchsine absorbs yellow and 
green light. The light reflected from the layer, and that trans- 
mitted through it, should be examined spectroscopically. 

As already pointed out, the values of the constants in Sell- 
meier’s formula determined by Rubens for sylvine, indicate that 
that substance possesses an absorption band corresponding to 
X = 67'2 microns. Consequently, waves of this length should 
be much more strongly reflected from sylvine than those of 
smaller lengths, and by repeated reflections from plane sylvine 
surfaces the residual rays (as Rubens has called them) should 
comprise only wave-lengths in the immediate vicinity of 67 ‘2 
microns. On trying this experiment, Rubens found that the 
residual rays for sylvine had a wave-length equal to 6r i microns. 
These constitute the longest wave-lengths yet dealt with. In a 
similar manner he found that the residual rays for rock-salt and 
fluor-spar possess wave-lengths in satisfactory agreement with 
those calculated from Sellmeier’s formula. 

Metallic Reflection. — The strong reflection of light which 
occurs at a polished metallic surface is probalfly due to selective 
reflection, as explained above. A thin layer of silver on glass, 
which is almost entirely opaque to the longer waves in white 
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light, will yet be found to be fairly transparent to the violet and 
ultia-violet rays ; the faint violet light of the electric arc can be 
seen hrough it, although the brilliant crater is lenTeieTex 
tieraelydim 1 his proves that the reflection of silver is selec 
tive. Similarly thin gold leaf, which reflects yellow light tanr 
mits greenish-blue light. ^ 

Metallic Eefraction.— Kundt has examined the refraction of liaht hv 

*at in the else 

of the’ S m “ThellT’ 1 ' '' f redacting edge 

were Obtained f om the deviations and angles of the prisms in the 
manner explained on p. 90. ^ ^ 


Metal. 

u- 

Metal. 

1 1 

1 

Sodium 

Silver 

Gold 

Copper ..... 

Q'l 2 

0*27 

0-58 

065 

Platinum . . . 

Iron 

j Nickel . . . . 

1 Bismuth . . . ' . 

• 1 I -64 
•i 173 
2-01 
. ' 2-26 


*vuuuc iicia uunuea oiu tnac the refi-flHhrA 
sa... . «.e 

Wwd ha'°f Ih ^^^tiines as great as m vacuo. Prof. R. W. 
selenium is Tqlml m 3-13!' ^ “ ^°°°’ amorphous 

Refractive Equivalents. -By endosine a ms in p u 

0-ln<;<; nniem I't-c- ^ i^'-iusiiig a gaS 111 a hollow 

glass prism, its refractive index for varinne n,.»c , 

measured. It has been found that the fefractiv X Tof a 

huithei, Gladstone and Dale established the law that fu - O is 
proportional to the density of the gas, or, if rf is the clenshy of the 
pSsme. '' whatever may be its 

In the case of a single gas, the number of vibrating particles per unit 

Idume T 1 of gas Llecules jL unit 

ume. Thus, in equation (2) (p. 370), since and will both be 

C C 
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proportional to the number of gas molecules per unit volume, or to 
the density of the gas, we shall have, for light of a given wave- 
length, A — 


{ij? - I ) oc a', or 


= a constant. 


But - i) = (^ - 1 - i)(m - i), and p. is very nearly equal to i ; thus 
(/X + I ) will be sensibly equal to 2, and we shall have - i) <x d. 

Lorentz and Lorenz have established, on theoretical gTounds, 
the law that — 

,i 2 T — I I 

— oc d or = a constant. 

-h 2 ’ + 2 d 

When /X is nearly equal to i, this relation degenerates into Gladstone 
and Dale’s law. The formula of Lorentz and Lorenz is, however, much 
more general, since it can be used to calculate the refractive index of a 
vapour from that of the corresponding liquid, or vue versd. 

Example. — Hydrogen gas at 0° C. and 760 mm. pressure has a density 
of o'ooooSgd gram per c.c., and its refractive index is equal to i '000138. 
According to Dewar, liquid hydrogen has a density equal to 0’o68 gram 
per c.c. Calculate the refractive index of liquid hydrogen. 

For hydrogen gas — 

^1^ - I _ (roooi38)2 ~ I _ ’000276 
+ 2 “ (I '000138)2 + 2 ~ .3 

If fi is the refractive index of liquid hydrogen, by the law of Lorentz 
and Lorenz — 

fp - i I _ o '000276 _ 276 

+ 2 ' o'o68 ~ 3 X o '0000896 ~ 269' 

u? - 1 o'o68 X 276 

'-s = — — = o'o7o. 

fj? + 2 269 

(1x2(1 - o'o7o) = I + {2 X o'o7o) = I '14. 

o i'i 4 
• i#2 — _r — T T 


and/x = >Ji-22 — I'll. 

Professor Dewar has, by experiment, found the refractive index of 
liquid hydrogen to be equal to i'i2. 

Polarisation by Tourmaline.— When light is incident nor- 
mally on a crystal of tourmaline, the waves, in which the 
displacements are parallel to a certain direction, are transmitted, 
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while those in which the displacements are perpendicular to 
this direction are almost completely absorbed. This can be ex- 
plained by supposing that, tourmaline being a crystal, the mole- 
cules are regularly arranged, and the vibrating particles possess 
different periods according as they oscillate in the direction of the 
axis of the crystal, or perpendicular to that direction (p. 281). The 
period of vilDration of the particles in one of these directions agrees 
sufficiently well with the period of light-waves for absoi'ption to 
occur ; waves in which the displacements are perpendicular to 
this direction are transmitted, since the period of the vibrations 
of the particles in the corresponding direction do not agree with 
the periods of the light-waves. 

In support of this view of the polarisation of light by tour- 
maline, it may be mentioned that Kirchhoff and Stewart 
independently observed that the radiations emitted by a heated 
tourmaline plate are absorbed by another tourmaline plate if the 
axes of the two are parallel, but are transmitted by the second 
plate if the axes of the two are perpendicular. This shows that 
tlie radiations emitted by the heated tourmaline are similar to 
those which it absorbs, \vhich is an instance of KirchhofiPs law 
(P- 339)- ^ 

Questions on Chapter XV 

1. Describe and explain — 

(1) The difference between the spectra produced by glowing solids 
and gases respectively. 

(2) The effect of gradually increasing the thickness of a medium, a 
thin layer of which gives an absorption spectrum, consisting of several 
distinct narrow bands placed near to each other in the spectrum. (A. 
1898.) 

2. Describe the principal characteristics of the phenomenon of 
fluorescence, and describe experiments by which its relation to phos- 
phorescence has been determined. (A. 1896.) 

3. Describe a method of rendering the ultra-violet portion of the 
spectrum visible. (A. 1892.) 

4. Describe Becquerel’s phosphoroscope. What light do experi- 
ments made with this apparatus throw upon the relation between 
phosphorescence and fluorescence ? (A. 1893.) 

5. Describe a method of detei'mining the time during which phos- 
phorescence lasts after the exciting radiation is cut off, in the case of 
bodies for which this interval is small. (A. 1898.) 
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6. To what do you suppose dispersion is due? Illustrate your 
answer b}' reference to some mechanical system in which the velocit}’ 
of wave propagation depends greatly on the period. (IT. 1896.) 

7. Give some account of the phenomenon of anomalous dispersion, 
and of the theory that accounts for it. (Lond. B.Sc. Hons. 1899. ) 

Practical 

I. You are supplied with a sheet of paper impregnated with calcium 
sulphide, magnesium wire, and specimens of various substances. 
Arrange the substances in the order of their absorption of the ra}'S 
which excite phosphorescence. (H. 1896.) 
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CHAPTER XVl 


INTERFERENCE 

General Principles.- — A general account of the effects 
produced by the interference of waves radiating from two 
similar sources has already been given (p. 317), and Fresnel’s 
double mirror experiment has been described. In the present 
chapter some consideration will be given to other methods of 
producing optical interference phenomena, and closer attention 
will be directed toward the nature of the effects produced. 

Let A, B, (Fig. 204) be two points from which similar light- 
waves radiate. The waves originating at A and B must possess 
equal periods, and, on starting, 
their phases must be either 
ecjual, or must differ by an 
amount which remains constant. 

In such cases, as we have seen, 
there will be a number of con- 
tinuous regions in which the 
ether remains permanently 
stationary. Between any two 
consecutive stationaiy regions, 
there will be a region of maxi- 
mum displacement. If a screen, 

DE, is placed in front of the sources A and B, its illumination 
will not be uniform ; a number of bands, alternately bright and 
dark (if the light is monochromatic) or brilliantly coloured 
(if the light is white), will be seen. 

Join A, B, and bisect the line AB in F. Through F draw FC 
perpendicular to AB. Let the screen DE be perpendicular to 
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FC. Then, if the waves start from A and B in the same phase, 
the point C will be brilliantly illuminated, no matter what may 
be the length of the light-waves. For the distances between C 
and A, C and B, are equal, and therefore the waves from A and 
B will arrive at C in the same phase. C is the centre of the 
central interference fringe. This fringe will be white if white 
light is used. 

Let us now determine the nature of the illumination at a point 
P, at a distance CP from C. Join PA, PB, and PF. With P 
as centre, and radius PA, describe the circular arc AG. If the 
distance AB is very small in comparison with PA, the line AG 
will be sensibly straight, and perpendicular to both PF and BG. 
BG will be equal to the distar ce retardation of the wave from B 
with respect to that from A. If BG is equal to half a wave- 
length, or any odd number of half wave-lengths, the point P 
will be dark ; for in such cases the waves from B will arrive at 
P one half-period after those from A, or the two sets of waves 
on reaching P will differ in phase by tt. If BG is equal to one 
wave-length or any whole number of wave-lengths, the point 
P will be brightly illuminated ; for in such cases the two sets 
of waves will arrive at P in the same phase, and will therefore 
reinforce each other. 

It is easily seen that the triangles EGA and PCF are similar. For 
these triangles possess right angles at G and C respectively ; and since 
AG is perpendicular to PF, while AB is perpendicular to FC, the 
angle BAG is equal to the angle PFC. lienee, the angle ABG is equal 
to the angle FPC, and the triangles EGA and PCF are similar in all 
resjDects. 

Let CP = x, while AB = d, and PF = D. Since the distance CP is 
small, the line FC will be approximately equal to FP, or to D. 

From the similarity ol the triangles PCF and EGA, we have— 

^ ^ BG . . X _ BG 

FP AB’ ■ ■ D • 

For P to be the centre of a dark band, BG must be equal to some odd 
number of half wave-lengths. Let A be the wave-length of the light ; 
then BG = {n + l)A, where n may have any integral value from zero 
upwards. Thus, for P to be the centre of a dark band, 

^ 
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For P to be a point of maximum illumination, BG must be equal to 
any whole number of wave-lengths, say where n may have any 
integral value from zero upwards. Thus, for P to he the centre of a 
1 bright fringe — 

D 

X = — n\. 
a 

The distance between the centres of the nth and (;/-l-i)th bright 
I fringes is equal to — 

D r, , I D 

I 

I Thus the bright fringes will be equidistant from each other. 

' Since X is very small, it becomes apparent that, for the 

breadth of a band to be of appreciable magnitude, the ratio D/d 
] must be very large •, i.e. the distance between the wave sources 

I must be very small in comparison with their mean distance 

from the screen. 

It also follows that the breadth of an interference fringe is 
directly proportional to the wave-length of the light employed. 
Thus, since red light produces wider bands than blue light, the 
wave-length of red light is greater than that of blue light (p. 323). 
If D and d are known, the measurement of the distance 
between two consecutive bright fringes gives us the means of 
determining the wave-length of the light employed. It may 
here be remarked that all determinations of wave-lengths depend, 
either directly or indirectly, on some form of interference 
experiment. 

Special precautions must be taken to ensure that the waves 
emitted at the two sources are either in the same phase, or 
differ in phase by some constant amount. In FresnePs double 
mirror experiment two virtual images of an illuminated slit were 
used as wave sources ; and, in genei-al, one source must be the 
image of the other, or both must be images of some other 
source, in order to ensure a constant relation between the phases 
^ of the emitted waves. Further, the sources must be either 

1 approximate points, or lines, of light. Sources of finite magnitude 

could be decomposed into a number of corresponding linear or 
! point elements, and a separate series of interference fringes 

would be formed by the waves from each pair of corresponding 
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elements ; superposition of the various sets of fringes would 
produce indistinctness, or even uniform illumination. 

We thus see that no interference phenomena could be 
produced by using two separate candle-flames, any more than 
two brass bands playing different tunes in the same street could 
produce silence. Each point of a candle-flame is a wave 
source, and there is no constant 
relation between the phases of the 
waves emitted by any two points 
of the same flame, or of different 
^ flames. 

Displacement of the Fringes. 

— Let us now suppose that light 
from one of the sources (say A, Fig. 

205) has to traverse a thin lamina, m 

L, ot a transjaarent substance, ment of interference Fringes, 
before reaching the screen, while 

light ftom the other source, B, reaches the screen directly 
Let ^ be the thickness of the lamina, and p. its refractive index' 
If Vo is the velocity of light in air, while V is the velocity of 
light in the lamina, then VJV = p. Before a light-wave from A 
can reach P, it must travel a distance (AP-^) in air and a 
distance t in passing through the lamina. The time i-equired 
for this journey is equal to — ^ 

AP - ^ t 



The time required for a light-wave to reach P from B is 
equal to BP/V, = {BG + GP)/V. - (BG+AP)/V., Hence, the 
tune retardation of the waves from B behind those from A is 
equal to — 

+ M rAP - / BG /t T\ 




v. V, t V. ■ V/- Vo 
The point P will be the centre of the «th bright frine-e 
if this time retardation amounts to ??T, whete T is the period 

of the waves. Thus, for? P to be the centre of the «th bright 
fring'e — ° 

BG / r I \ /Tr 

+ BG=«VoT + t(^' .. ,y 
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Remembering that BCj = d as already determined, and 
VqT = X, we have — 

. X D 

‘^15 + (/X - i)/. X = — («x + (^ _ ly). 

This gives us the distance x = CP of the ;2th bright fringe 
from the point C at which the central bright fringe would be 
formed if the lamina L were absent. Owing to the presence of 
the lamina L, the central fringe will be displaced to a distance 
.1',, determined by substituting = o in (i) ; in all cases the central 
fringe is the one at which the waves from A and B arrive after 
journeys of equal duration. Thus, the displacement of the 
central fringe, due to the presence of the lamina L, is given 
by- 

^0 = ^ (M - (2) 

Now, if V is less than Vq [i.e. if light travels more slowly in a 
refracting medium than in air), fi will be greater than unity, and 
the value of Xq will be positive. In this case the central fringe 
will be displaced toward P (Fig, 205), If the contrary were the 
case, Xf) would be negative, and the displacement of the central 
fringe would be in the direction of P'. Experiment shows that 
the central fringe is displaced toward the side on Avhich the 
lamina is situated, z.e. toward P, Thus, Ave obtain additional 
evidence that light is transmitted more slowly in a refracting 
medium than in air. 

The first bright fringe AvilP occur at a distance x^ from C, 
given by — 

■^1 = ^ - 1)4 

Hence, the distance /3 between the first and the central fringe 
is given by — 

which is the result already obtained for the breadth of an 
interference fringe. 
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Substituting Djd = /3/X in (2), we obtain— 

= • • • . = . (3) 

If the thickness, /, of the lamina is known, and /3 and are 
measured, we can determine the refractive index, of the lamina 
for light of wave-length X. If, on the other hand, /x is known, 
we can in a similar manner determine the thickness, /, of tire 
lamina. 

Problem. — Fresnel’s fringes are produced with homogeneous light of 
wave-length 6 x cms. A thin film of glass (refractive index i '5) is 
introduced into one of the interfering rays, upon which the central 
bright band shifts to the position previously occupied by the fifth bright 
band from the centre (not counting the central band itself). The ray 
traverses the film perpendicularly. What is the thickness of the 
glass film? (Board of Education, Plonours, 1894.) 

Here, -Ug = 5/3. Substituting in (3) we obtain— 

5 = ^x~i ^o '- 5 ^' ^ =:| 6 X 10-5 = 6 X 10-^ cms. 

It should be noticed that the displacement of the central 
fringe cannot be determined when monochromatic light only is 
used, since in that case all of the fringes are precisely similar, 
and there is no means of distinguishing the central from any 
other fringe. When white light is used, the central fringe 
is w'hite, while the rest of the fringes are coloured, and 
are distributed symmetrically on either side of the central 
fringe. The usual procedure is to determine the approximate 
position of the central fringe, using white light as an illuminant, 
and then, using monochromatic light (conveniently obtained by 
the use of a mercury vacuum lamp, p. 333), to determine the 
exact position of the fringe for the particular wave-length of 
light employed. 

Fresnels Bi-prism. — Fresnel invented a very simple means 
of obtaining interference fringes by the use of a bi~prisni, i.e. 
two acute-angled prisms placed base to base. In practice both 
prisms are ground from the same piece of glass. Light from a 
slit perpendicular to the plane of the paper at O (Fig. 206) falls 
on the bi-prism CED, and two virtual images, A and B, are 
formed by refraction. The light from these images produces 
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interference in the manner already described. Since the fringes 
are narrow, it is usual to observe them by the aid of a lens or 
cye-piece. Let a lens or eye-piece be placed to the right of M 



Fk;. 206. -Production of Interference Fringes by the aid of a Bi-prism. 


(Fig. 206), SO that its principal focus is at M, while the screen 
FG is removed ; then on looking through the lens one sees a 
magnified image of the fringes that would have been formed on 
the screen. In other words, the eye, aided by the lens, sees the 
interference phenomena produced in the focal plane of the lens. 
Thus the only difference produced by moving the lens to the right 
is that the fringes will appear wider (compare Fig. 175, p. 3 ^ 7 )- 



Fig. 207.— Photograph of Bi-prism Interference Fringes. 


I am indebted to Prof. Chant for the photograph of the 
bi-prism fringes, of which Fig. 207 is a reproduction. The 
true interference fringes are seen in the centre of the figure. 
The wider external bands are due to diffraction, as will be 
explained in Chap. XVII. 

Expt. 60. 7 'o determine the wave-length of light from a sodium 
flame, by the use of a bi-p'ism.—l^&xm a small sheet of plate glass, 
coat this with paraffin wax, and then apply a thin sheet of tinfoil. After 
smoothing the latter out, allow the glass to cool, and then cut a narrow 
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slit in the tinfoil by the aid of a sharp knife or a razor. Mount the 
plate, with the slit vertical, near one end of a long bench (S, Fig. 208). 
Mount a bi-prism, B, with its refracting edges vertical, at a distance of 
9 or 10 inches from the slit. A low-power travelling microscope,^ M, 
placed at a distance of i or 2 feet from B, may be used to view the fringes. 
Ihe only adjustment required is to bring the edge, E, of the bi-prism 
exactly parallel to the slit. A luminous gas-flame, G, may be used as 







-© 

s 






^3 




f y ■ i ^ 




Fig. 208. — Method of observing* Bi-prism Fringes. 

illuminant during adjustment; subsequently a Bunsen flame, which 
■es through an iron wire ring coated with common salt (p. 333), 
. be used. Looking through the microscope, the interference 
phenomena produced at F, in the focal plane of the microscope, will 
be seen. The distance from F to the slit S will give the value of D 
(p. 391). The position of F may be found by moving a needle about 
in front of the objective of the microscope, until it is distinctly seen 
without parallax ; it will then be at F. On moving the travelling 
microscope laterally, parallel to itself, one after another of the bright 
fringes will be focussed on the intersection of the cross-wires. Obtain 
readings for the positions of two fringes sejiarated by an observed 
number of dark bands ; the distance between these fringes, divided by 
the number of intervening dark bands, will give B (p 391’) To find 
rf, the distance between the virtual images which act as wave sources, 
withoM altering the adjustments already made, place a lens, L, between 
S and F, in such a position that the two images of the slit illuminated 
by the sodium flame are seen in focus through the microscope. Real 
images of the wave sources will now be formed at F, and the distance 
between them must be measured by bringing the cross-wire into coin- 
cidence with one after the other. If S is the distance through which the 
microscope is moved parallel to itself, it is easily seen (p. 72) that— 


Finally (p. 391), 


^ SL , 

''=LF*- 


A = gft 
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^ The bi-prism fringes possess a peculiarity by which they are 
distinguished from those produced by other methods. la 
F resnel’s double mirror experiment, the breadth of a fringe is 
directly proportional to the wave-length of the light employed. 
In the case of the bi -prism fringes this relation does not hold. 
Since the blue rays are deviated! by the bi-prism to a greater 
extent than the red rays, the images A and B (Fig. 206) will 
be narrow spectra when white light is employed. The images 
of the source O, due to the blue rays, will be more widely separ- 
ated than those due to the red rays, and thus the interference 
fringes produced by blue light will be narrower, in com23arison 
with those produced by red light, than would be the case in the 
double mirror experiment. A great deal of light is transmitted 
by this bi-prism, so that the fringes are very bright. 

Lloyd’s Single Mirror Fringes.— Dr. Lloyd obtained fringes 
by causing light from a narrow slit to be split up into two 



Fig. aog. — Method of producing Lloyd’s Single Mirror Fringes.! 


pencils, one direct, and the other reflected from a polished black 
glass surface. In this case the wave sources are the illuminated 
slit itself (B, Fig. 209), and the virtual image. A, of the slit 
obtained by reflection at the glass surface. The slit must be 
adjusted to be parallel to the reflecting surface. As will be 
seen from Fig. 209, the point M, in which the screen is cut by 
the perpendicular through the centre of the line AB (compare 
Fig. 204), will lie in the plane of the reflecting surface. Thus, 
the point M is not illuminated by the reflected light, and the 
central fringe consequently is not formed ; it can, however, be 
brought into view by placing a thin film of glass or mica in 
the path of the directly-transmitted pencil. Owing to the 
retardation of the waves which traverse the film, the position of 
the central fringe is displaced toward P (p. 393). If the film is 
of suitable thickness, the position of the central fringe will be 
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situated on that part of the screen illuminated by the reflected 
waves. A similar result may be obtained, when the screen is 
removed and the fringes are directly observed by the aid of a 
lens, by tilting the lens in a vertical plane. 

Dr. Lloyd observed that the central fringe is black, insteac^ 
of being white as in most other cases. On either side of the 
central black band is a white fringe, the rest of the fringes 
being colonized. This indicates that, when light is reflected from 
an optically denser medium, the phase of the reflected waves differs 
hy TT from that of the incident waves (p. 283). The. central fringe 
is reached by waves from A and B (Fig. 209) in equal times ; 

but the reflected 
waves virtuallystart 
from A, differing in 
phase by tt from 
•those starting from 
B, so that the two 
sets of waves annul 
each other over 
the central band. 
At neighbouring 
points, at which the 
waves from A arrive 
half a period earlier 
or later than those 
from B, there will 
be bright fringes. 
The approximate 
agreement of the 
bright fringes of 

various colours ren- 
ders the first 

fringes on either 

_ r „ V.. side of the central 

Fig. 210. — Interfference of Ripples on the Stn-face of n i l J ' 

Mercury. (From a photograph by Dr. Vincent.) Diacic Dana ap- 

proximately white, 


The method of production of Lloyd’s fringes may be made clearer by 
the aid of Fig. 210. This is a reproduction of an instantaneous photograph, 
due to Dr. Vincent, of ripples on the surface of mercury, A single 
glass style, attached to the prong of a vibrating tuning-fork, generates 
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circular ripples which are reflected from a small set-square lying on the 
mercury surface. On those parts of the mercury surface where the 
direct and reflected ripples overlap, .stationary regions are formed by 
interference. 

pS' a 

Achromatic Interference Fringes.— In all of the methods 
previously discussed, only a limited number of fringes are 
visible when white light is used as an illuminant. This is due 
to the circumstance that the distance between two consecutive 
bright fringes is different for different wave-lengths of light. 
The central fringes for all wave-lengths will be superposed ; 
but, as we pass in any direction from the central fringe, there 
will be greater and greater confusion, due to the overlapping of 
fringes of various colours, some of which are dark, while others 
are bright. If an arrangement can be devised which will render 
the distance between two consecutive bright fringes the same 
for all wave-lengths, then, by using white light as an illuminant, 
a system of fringes will be obtained which are alternately black 
and white. Such fringes are said to be achromatic. The system 
of fringes corresponding to any wave-length of light will now 
be exactly similar (except in colour) to the system for any other 
wave-length, and the brig'ht fringes corresponding to all parts 
of the spectrum will be superposed, leaving black intermediate 
spaces where the dai'k fringes are superposed. 

Inspection of the formula for the distance between the 
centres of any two neighbouring bright fringes, gives us a clue 
to a method by which achromatic fringes may be obtained. 
We have (p. 393) — 

If we can secure that the ratio "h/d shall remain constant for 
all values of X, then (3 will remain constant. Fig. 21 1 represents 
an arrangement which secures the approximate constancy of 
X/d. Light from a horizontal slit, S, rendered parallel by a con- 
vergent lens, Li, is refracted by a prism, P, and then brought 
to a focus by the convergent lens Lg. A pure spectrum, RV, is 
thus formed, and by reflection from a plate of black glass, G, a 
virtual image, V'R', of this spectrum is likewise produced. If 
the slit S were illuminated by red light, we should obtain two 
horizontal linear images, R and R' ; if by blue light, two hori- 
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zontal linear images, V and Y', would be produced. Light from 
either pair of images will produce interference. F or red light, 
d= RR', while for blue light, d= VV'. Let Xj and X2 be the 
respective wave-lengths of the red and blue rays. Then, if we 
arrange that — 

RR' __ Xi 

VV' Aa 

the red and blue fringes will be equal in breadth, and will 
therefore be superposed without confusion. Fringes produced 
by light from other parts of the spectra will also be approxi- 
mately superposed, so that the resultant fringes will be achro- 
matic in the same sense that an ordinary telescope is. When 



Fig. 2TI.— Method of producing Achromatic Interference Fringes. 


the adjustments are properly made, many hundreds of fine 
bands, alternately white and black, are brought into view. 
Colour only appears near the edges of the field. 

As will be explained in a succeeding chapter, a diffraction grating can 
be used to form a spectrum, in which the dispersion is accurately pro- 
portional to the wave-length. If the spectrum RV (Fig. 21 1 ) is pro- 
duced by the aid of a diffraction grating instead of a prism, then the 
superposition of the bands for any two wave-lengths will secure the 
accurate superposition of the bands for all parts of the spectrum. By 
this means true achromatic bands may be obtained. 

The Divided Lens Method.— M. Billet invented a con- 
venient method of producing interference by, the aid of a convex 
lens cut into halves. These are mounted so that the distance 
between them can be adjusted at pleasure, and light from a slit, 
S (Fig. 212), is allowed to fall on the combination. When the 
halves of the lens are separated by a short distance, two real 
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images of the slit will be formed, at B and A respectively. 
■Light from these images interferes as in the similar cases 
already discussed. 

This apparatus may be conveniently used to investigate the inter- 
ference of polarised light. In the first place, a plate of tourmaline T 
may be placed in front of the slit S: interference still takes place as 



f IG. 2ia.— Production of Interference Fringes by the nid of a Divided Lens. 

before. If the tourmaline, T, is removed, and two tourmaline crystals 
exactly equal in thickness are placed at B and A, then it is found that 
interference still occurs when the axes of the crystals are parallel ; in this 
case the vibrations in both transmitted pencils are in the same direction. 
When the axes of the crystals are placed at right angles to each other, all 
traces of interference vanish. In this case the .directions of vibration in 
the transmitted pencils are at right angles to each other, so that inter- 
ference cannot be produced. This experiment gives us additional 
evidence as to the transverse direction of the displacement in light- 
waves. ^ 

Colours of Thin Films.— When a very thin film of a 
transparent substance is exposed to liglit from an extended 
source (such as a luminous gas-flame, or a bright sky), 
brilliant colouis aie seen. The most familiar instances of this 
coloration are afforded by soap-bubbles and the thin films 
produced by allowing oil to spread out over the surface of 
water. The production of colour in these circumstances can be 
consistently explained in terms of the interference of light-waves 
Newton studied the colours of thin films, and explained them on 
his “ theory of fits ” in conjunction with the corpuscular theory 
of light (p. 23s). In view of the conclusive disproof of the 
corpuscular theory, the interferential explanation alone has 
interest for us at the present time. 

In what follows it must be borne in mind that a ray of light is the path 
qf a disturbance from a particular point in a light-wave. When we 

P P 
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speak of Uie interference of rays of light, it must be understood that the 
interference really takes place between the waves travelling along the 
rays. 



Colours by Reflected Light.— Let AB (Fig. 213) represent 
a light-ray incident at B on one of the parallel bounding surfaces 
of a thin transparent lamina. The incident ray is split up into 
a reflected ray, BC, and a transmitted ray, BD. The transmitted 
ray is partly reflected at D, and thus' gives rise to the ray DE, 
which in its turn gives rise to the ray EF refracted into the air. 

Since the hounding surfaces of the 
film are parallel, the rays BC and EF 
will be parallel ; if the film is very 
thin, the rays will also be so close to 
each other that a single ray will be 
formed by their combination. 

The waves reflected from B, a point 
on the surface of an optically denser 
medium (p. 283), will differ in phase 
by TT from the incident waves. The 
ray BDEF experiences no sudden 
phase change, but in travelling over 

Fig. 2I3.-Ravs Reflected and jg j-gtarded behind the 

Transmitted by a Thtn I'llm. f tj- .1 

ray du'ectly reflected at B. If the 
phases of the wave disturbances forming the rays BC^ and EF 
differ by tt, or any odd multiple of tt, interference will occur ; 
if the phases differ by any even multiple of tt, the twm rays will 
I'einforce each other. 

Let us now suppose that the thickness of the film is small in 
comparison with the wave-length of the light employed as an 
illuminant. In that case, since the distance BDE will be 
small in comparison with the wave-length of light, the ray EF 
will experience no appreciable retardation, and its phase will 
be sensibly equal to that of the incident ray. The phase of 
the reflected ray, BC, differs by tt from that of the incident ray. 
Consequently, the rays EF and BC differ in phase by tt. If the 
amplitudes of the corresponding waves are equal, the two rays 
BC and EF will together produce darkness. 

A similar result will follow if the film is optically less dense than the 
media above and below it. In that case the ray reflected at B will 
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experience no phase change, but the ray internally reflected at D will 
experience a phase change of -tt, since in this case reflection occurs at a 
denser medium. 

When the film is exceedingly thin, the rays BC and EF will 
annul each other, whatever may be the length of the corre- 
sponding waves. Thus, a film, of which the thickness is small in 
comparison with the wave-length of light, will appear to he black 
by reflected light. 

Let us now suppose that monochromatic light is used as an 
illuminant, and that the thickness Of the film can be gradually 
increased, F or a certain thickness the retardation due to the path 
BDE will amount to half a wave-length ; in this case the rays 
EF and BC will both differ in phase by tt from the incident ray 
AB, so that their phases rvill be ecpial. The rays BC and EF 
will thus reinforce each other, and the film will appear brightly 
illuminated. 

As the thickness of the film increases, the retardation along 
the path BDE will successively amount to 2, 3, 4, . . . half wave- 
lengths. When the thickness is such that the retardation along 
the path BDE amounts to an even number of half wave-lengths, 
the film will appear black by reflected light ; in the other cases 
the film will appear brightly illuminated. 

If AB is a ray of blue light, the thickness of the film, in order 
that a retardation of half a wave-length shall occur along the 
path BDE, will be less than in the case of red light, since the 
w'ave-length is less for blue than for red light. 

Let us now suppose that we have a film which increases in 
thickness uniformly from one edge to the other. Let the thick- 
ness at the thin edge be small in comparison with the wave- 
length of violet light. Then, if the film is illuminated by mono- 
chromatic light, a number of bright bands separated from each 
other by dark intervals will be seen. The distance betw'een tw'o 
bright bands will be less for blue than for red light. If the film 
is illuminated by white light, the thin edge of the film will appear 
black. Passing along the film in the direction in which its 
thickness increases, we shall first reach a point where blue light 
is reflected, then points where green, yellow, and red lights are 
reflected. Passing still further in the same direction, we shall 
encounter coloured bands formed by the overlapping of bands of 
different breadths due to the different wave-lengths of light, 

P P 3 


404 


LIGHT FOR STUDENTS 


CHAP 



Ultimately we shall reach a point where the overlapping- jn'O- 
duces uniform illumination. 

Expt. 6i. — Obtain a circular wire ring of about 2 inches diameter, 
soldered to a straight wire to act as support. Dip this ring in a prepared 
soap solution,^ the surface of which has been freed from buldrles. On 
removal, a plane film of soap solution will be found to stretch across tlie 
ring. Insert the supporting wire in a hole in a wooden block, so that 
the plane of the ring is vertical, and cover the whole with a glass shade or 
inverted beaker. After a time brilliant bands of colour will be seen to 
follow each other down the film, until at last the upper part of it, when 
viewed by reflected light, appears perfectly black.. The fdm is thin- 
nest near its upper edge, and gradually thickens toward its lower 
extremity. 

The colours of the bands, seen on a thin film when viewed 
by reflected white light, were classified by Newton as follows, 
starting from the black film of infinitesimal thickness : — 

1. Black, blue, white, yellow, red. 5. Greenish-blue, red. 

2. Violet, blue, green, yellow, red. 6. Greenish-blue, pale red. 

3. Purple, blue, green, yellow, red. 7. Greeni.sh-blue, reddish-white. 

4. Green, red. 

Expt. 62. — View the soap film used in Expt. 61 through a piece of 
red glass. Notice the alternate bright and dark bands. Next view it 
through a piece of blue glass. Notice that the blue bands are narrower 
than the red ones -W'ere. 


Colours by Transmitted Light.— The ray BD (Fig. 213) is 
partly reflected along DE, and partly transmitted into the 
medium above the film, thus giving rise to the ray DG. The 
reflected ray DE is partly reflected at E, giving rise to the ray 
•EH, which in its turn gives rise to the transmitted ray ITK. The 
latter is parallel to, and lies immediately beside; the ray DG. The 
i-ay DG is formed from the ray BD without any phase change. 
The ray HK is formed without any sudden phase change, if the 
film is optically denser than the media above and below it. If 


The following soap solution is recommended by Professors Relnold and Rticker. 
Fill a clean stoppered bottle three-quarters full of distilled water. Add oleate of 
soda amounUng to one-fortieth part of the weight of water. Shake, and leave for a 
day, when the oleate of soda will be dissolved. Nearly fill the bottle with PHce’s 
pure glycerine, and well shake Leave the stoppered bottle for a week in a dark 
place, and then siphon off the clear liquid- into another stoppered bottle, the scum 
being left behind. Add one or two drops of strong ammonia to each pint of solution, 
find keep in a dark place. T- he solution must not be warmed or filterecl. 
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tlie film is optically less dense than the media above and below 
it, phase changes, each amounting to tt, will occur on reflection 
at D and E, so that the total phase change due to this cause 
amounts to 2it, which is equivalent to no phase change at all. 
Thus, in either case, the only difference in phase between the- 
rays HK and DG will be due to the retardation produced along! 
the path DEH, When the film is infinitesimally thin, thei 
phases of the rays HK and DG will be equal, and these two rays! 
will reinforce each other, so that the film will appear bright by* 
transmitted light. In this case the Avhole of the incident light' 
is transmitted, the reflected ,rays ,BG and EF interfering with 
each other. As already remarked, light can never be destroy 
by interference (p. 318) ; if darkness is produced at a certain 
point, enhanced illumination must be produced elsewhere. 

' If we now imagine that the film increases in thickness, and 
monochromatic light is used as an illuminant, the rays DG and 
HK will interfere when the retardation along- the path DEH 
.amounts to any odd number of half wave-lengths. The retard- 
ation along the path t)EH is obviously equal to that along the 
path BDE, qnd a retardation along BDE amounting to an 
odd .number of half wave-lengths brings the rays BC and EF 
into the same phase, so that they reinforce each other. Thus 
it follows that, when the film is of such a thickness that it appears 
bright by reflected light, it -will appear dark by transmitted light, 
and vice versa. 

When white light is used as an illuminant, the colour of the 
■ film, either by transmitted or reflected light, will be due to the 
suppression of certain wave-lengths by interference. Since in 
any ease the wave-lengths which are suppressed in the reflected 
ray are present in the transmitted ray, it follows that the colours 
of a film, -when viewed by reflected and transmitted light respectively, 
will be complementary. , , 

Expt. 63. — Confirm the above conclusions, by viewing a soap filni by 
reflected and by transmitted light, 'first through a red glass, and then 
without the latter. . . / 

Calculation of the Retardation.— i. Reflected Light.— 
As already explained, the incident ray AB (Fig. 214) gives 
rise to the directly reflected ray BC, together with the ray EF 
which has traversed the path BDE. Produce ED to L, making 
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DT = DB Toil! LB. Then the line LB will be perpendicular to 
the parallel bounding surfaces of the Sto.and if the thickness o 
the- film is equal to 8, then LB - 28. Draw EP perpend.cula 
to BC. Then EP will be parallel 
to the wave-fronts in the rays BC 
and EF. 

We may consider that the directly 
reflected wave starts from B to travel 
along the direction BC in aii, at the 
same instant that the internally re- 
flected wave starts from the point 
L to travel along LM in the substance 
of which the film is composed. We 
must now determine the time interval 
which elapses between the passage 
of the two waves through the plane EP perpendicular to the 



Fig. 2t+. —Relative Retarda- 
tion in Transmitted and 
Reflected Rays. 


paper. 

Let Vo be the velocity of light in air. Then the directly reflected 
wave passes through the plane EP after an interval equal to Bl/Vg 
seconds, measured from the instant at which it started Lom B. ^ 

The internally reflected wave passes through the plane Et altei an 
interval equal to LE/V seconds, measured from the instant at which it 
started from L ; V being the velocity of light in the film. Thus, the 
time retardation of the internally reflected wave behind that directly 

reflected at B, is equal to (LE/V)- (BP/Vq). ... e 

Draw BM perpendicular to ED. Then, since the opposite faces or 
the film are parallel, ED and BD are equally inclined to the face EB, 
and the angle MBE is numerically equal to r, the angle of refraction of 
the ray BD into the film. Thus, ME/EB = sin r. Similarly, the angle 
BEP is numerically equal to t, the angle of incidence of the ray AB ; 
and BP/EB = sin i. Therefore, since sin t/sin r = we have— 

BP = ^iME. , 


The distance through which the directly reflected wave has travelled 
in advance of the plane EP, at the instant when the internally reflected 
wave reaches that plane, will obviously be equal to the time retaidation 
of the two waves, multiplied by Vq ; that is, to LE. V^/V - BP, or 
ju. . LE - BP. Thus, the distance retardation between the waves is 

equal to — 

m(LM -t ME) - bp = m . LM. 

But LM = LB cos BLM = 2S cos r, (BD makes equal 
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angles with the opposite faces of the film, and thus L BDM = 
2r. Also, since the triangle BDL is isosceles, and BDM is 
its external angle, 4 . BDM = Z. BLD + 4 . LBD = 2. /.BLD). 
Hence, the distance retardation of the internally reflected ray, EF, 
behind the directly reflected ray, BC, is eqtual to 2/xS cos n 

Taking account of the phase change of tt which occurs in the 
reflection at B, we see that, for the rays BC and EF to interfere^- 

2/x 5 cos r = «X, 

where n is any positive integer (including o), and X is the 
wave-length of the incident ray. 

For the rays BC and EF to reinforce each other— 

2/x 8 cos r—in^r DX. 

2 . Transmitted Light.— The ray bd (Fig. 214) gives rise 
to the transmitted ray DG, together with the reflected ray DE. 
The ray DE is reflected at E, thus producing the ray EH> 
which in turn gives rise to the ti'ansinitted lay HK. Diaw HS 
perpendicular to DG, and DR perpendicular to EH. Produce 
HE to T, making ET = ED. Then the internally reflected 
wave may be supposed to start from T at the instant when the 
transmitted wave starts from D. The distance in advance of the 
plane HS, covered by the transmitted wave, at the instant when 
the internally reflected wave passes through that plane, may be 
found as before, or more shortly as follows : The path TPI, in a 
medium of refractive index equal to /x, is equivalent to a path 
equal to /x x TH in air. Also, jix . RH = DS. Thus, the distance 
retardation of the internally reflected wave behind the trans* 
mitted wave is equal to— 

firm - DS = /x(TR -P RH) - DS /X. TR = 2/xScos P 

The only source of phase difference between the rays DG and 
HK is the retardation due to the difference in their paths. 
Thus, for the rays DG and HK to interfere— 

2/iS cos r={n + ■s')X, 

where n is any positive integer (including o). For the rays DG 
and HK to reinforce each other — 

2/xS cos r = n'K- 

It thus becomes apparent that the film will assume different 
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colours as the angle at which it is viewed is varied. An increase 
in the value of produces the same effect as a deciease in b. 

Reason why an Extended Source of Light must he 
used. — An eye placed near F or C (Fig. 213) will receive light, 
from the portion EB of the film, only along' the rays BC and 
EF. (It must be remembered that these rays are supposed to 
be so close together that they practically coincide.) These rays 
are both derived from the incident ray AB, which proceeds from a 
particular point in the source. 

When the rays BC and EF interfere, the portion EB of the 
surface will appear dark ; otherwise it will appear to be brightly 
illuminated. Similar reasoning ap]3lies to the transmitted light. 
The eye will see different points on the' film by means of rays 
primarily derived from different points in the source of light. 
Thus, an extended source of light is necessary for the perception 
of the general colour of the film. If an illuminated slit were 
used as a source of light, we should see only a coloured image of 
the slit reflected in the film, the film as a whole remaining dark,’ 
Y'Newton’s Rings.— if two convex lenses are placed in contact 
with each other,'a thin air film will be formed between them, 
Near the point of contact of the lenses, the thickness of the air 
film will be very small in comparison with the wave-length of 
light Consequently, the point of contact will be surrounded by 
a circular black spot, when viewed by reflected light, or by a 
bright spot, when viewed by transmitted light. The thick- 
ness of the air film increases as we proceed from the point 
of contact towai'd the periphery of the lenses. Since the 
surfaces of the lenses are portions of spheres, the thickness of 
the air film will be uniform for all points on a circle concentric 
with the point of contact. Thus, if monochromatic light is 
used to illuminate the lenses, the central black spot, seen by 
reflected light, will be surrounded by concentric bright circles 
separated by dark intervals. Each bright circle seen by 
reflected light will correspond to a dark circle seen by trans- 
mitted light, and vice versa. When white light is used as an 
illuminant, the rings will be brightly coloured, the tint of a ring 
seen by reflected light being complementary to that of the corre- 
sponding ring seen by transmitted light. These coloured rings 
have been named after Newton, who carefully examined and 
described them.- 
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Let Fig. 215 represent a lens of which the 
convex surface is in contact, at A, with the 
plane surface of a .sheet of plate-glass. When 
viewed normally by reflected light, the points 
C and B, equidistant from A, will lie on a 
bright or dark circle, according as twice the 
distance BF is equal to an odd or even 
number of half wave-lengths of the incident 
light. , ■ 

From A draw the diameter AK to the circle Fig, 215.— Illustrates the 
of which the curved section of the lens is an 
arc. Join CB, cutting AK in G. Let BF= 

G A = 5. Let the diameter CB of the ring observed be equal to D, 
Then, if R is the radius of curvature of the tower surface of the lens — 

'^R -',’ = (?)■ 

Since 5 will be very small in comparison with R, we shall have-— 

For B and C to be situated on a bright ring — 

2’ 

where n has the values o, i, 2, 3, . . . &c., for the first, second, third, 
fourth, . . . &c., rings respectively. Thus, the diameters Dj, Dg, 
D3, . , . &c., of the first, second, third, . . . &c. , bright rings will 
have the values — 

Di = 2 a/ R^, D, =. 2 R^, D, = 2 r|^, &c. : 

Thus, the diameters of the bright rings will he proportional to 
the square roots of the odd natural numbers, 1,3, 5, 7, &c. 

For B and C to be situated on a dark ring — 

D2 

25 = -=r = n\. 

4R 

When n =■ 0, we obtain D = o, which corresponds to the centre of 
the black spot. The diameters D/, D/, D3',. . . &c., of the first, second, 
third, . . . &c. , dark rings will he given by — 

Di' = 2 \/r A, Dg' = 2 \/ -2 Ra, Dg' = 2 si 3RA, . . . &c. 

Thus, the diameters of the dark rings are proportional to the square 
roots of the natural numbers i, 2, 3, 4, 5, . . . &c. 
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It may be left as an exercise for the student to prove that, by trans* 
mitted light, the diameters Dj, D2, Dg, . . . &c., of the first, second, 
third,. . . &c. , bright rings will have the values — 

Dj = 2 J Ra, Da = 2 2R\, Dg = 2 n/ 3RA, 

while the diameters D/, D^,' D/, . . . &c., of the first, second, third, 

. . . &c., dark rings will have the value — 

D/ = 2 /y/ Da' = 2 R^, Dg' = 2 ^ R^. 

To determine the Wavelength of Sodium Light by 
means of Newton’s Eings.— 

Expt. 64. — The convex surface of a lens (of ■ which the radius 
of curvature has been determined by 
the spherometer or by one of the 
optical methods described in Chap. V.) 
is laid ou a piece of plate-glass so as 
to form an air film. A Bunsen flame, 
Which traverses an iron wire ring loaded 
with common salt; is placed in the 
focal plane of a condensing lens, and 
the light transmitted through the lens 
is thrown downwards on to the air film 
by reflection from an inclined sheet of 
plate-glass (Fig. 216). The rings are 
viewed by the aid of a travelling micro- 
scope. Measure the diameters of as 
many bright rings as possible. If Dn is the diameter of the «th bright 
ring, and A is the wave-length of the sodium light, then — 

T) 2 

2R(2« -t- 1)' 

Expt. 65. — Prove that the diameters of successive bright and dark 
rings are in the proportions given on p. 409. 

Expt. 66. — Substitute a luminous gas flame for the sodium flame used 
in Expt. 64. Measure the diameters of the bright rings, when viewed (i) 
through red, and (2) through blue glass. Obtain the ratio of the mean 
wave-lengths transmitted by blue and red glass respectively. 

Eings formed by Eeflected Light, with White Centre.— 

Let us now suppose that the film (Fig. 213) separates media 
of different refractive indices, the index of the film being less 



Fig. 216 — Method of observing 
Newton's Rings. 
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than that of the medium above it, but greater than that of the 
medium beneath it. Then each of the rays BC and DE will be 
formed by reflection at a denser medium, and a phase change 
amounting to tt will occur in each case. If the thickness of the 
film is very small in comparison with the wave-length of light, 
the film will appear bright by reflected, and black by trans- 
mitted, light. 

The refractive index of oil of sassafras is intermediate between the 
refractive indices of crown and flint glasses. Dr. Young found that 
when oil of sassafras is enclosed between lenses of crown and flint glass, 
the point of contact of the lenses is surrounded by a white spot when 
viewed by reflected light, and by a black spot when viewed by trans- 
mitted light. 

To obtain Broad and Bright Rings.— When the convex 
surface of a lens is placed in contact -with a plane glass 
surface, the thickness of the air film increases rapidly as we 
proceed from the point of contact toward the periphery of 
the lens, unless the radius of curvature of the convex surface is 
very large. The result of this is that the 
rings appear very nari'ow. As the air 
film is viewed more obliquely, the diame- 
ters of the rings increase, since at a 
point where the thickness is equal to 5 , 
the distance retardation will have the 
value 28 cos r (p. 407), where r is the 
angle of refraction of the ray into the film. 

Thus, as r increases, the value of the re- 
tai'dation at a particular point diminishes. However, the rings 
become very faint when viewed obliquely, owing to the small 
amount of light which reaches the air film, most of it being re- 
flected from the upper face of the lens. This disadvantage can be 
overcome by forming an air film between the face of a prism and 
a lens (Fig. 217). Light entering through one face of the prism 
falls on the air film bounded by the second face, and is thence 
reflected to the eye through the third face. 

By moving the eye, a position can be found such that the 
light arriving at it has been I'eflected at the critical angle from 
the lower face of the prism. At this point the coloured rings 
surrounding the central black spot vanish. The reason of this 



Fig. 217. — Method of ob- 
taining Broad and 
Bright Rings. 


412 


LIGI-IT FOR STUDENTS 


CHAP. 


is, that light no longer penetrates to any great depth into the 
air film, and so there is only a single ray directly reflected from 
the upper surface of the latter. The black spot itself remains, 
thus showing' that a disturbance penetrates the film to a small depth, 
and forms an internally reflected ray, capable of producing in- 
terference, when the thickness of the film is very small. This 
result was anticipated from the wave theory (p. 308). 

Perfect Blackness of the Central Spot of Newton's 
Rings. — It has been proved exiDerimentally that a film of 
infinitely small thickness appears perfectly black by reflected 
light. To account for this in terms of interference, the amplh 
tude of the directly reflected waves must be exactly equal to that 

of the internally reflected 
waves. Now the reflected 
ray BC (Fig. 213) will 
possess a greater ampli- 
tude than' the internally 
reflected ray EF, and thus 
the interference of these 
rays could not produce 
complete blackness. 
Poisson pointed out that 
EF will not be the only internally reflected ray. As a matter 
of fact, an infinite series of rays due to multiple internal reflec- 
tions will be formed. Fig. 218 will serve to explain the formation 
of the series of internally reflected rays, a, ^, y, 8, . . . all of 
which will be parallel to BC, the directly reflected ray, if the film 
is of uniform thickness, and will practically coincide with BC if 
the film is thin. If the thickness of the film is very small in 
comparison with the wave-length of light, the retardation due to 
the differences in the paths of these rays will be negligible. 
The rays a, y, 8, . . . have I'espectively experienced i, 3, 5, 7 ; • ■ • 
inteimal reflections. Any ray, y, has experienced two internal 
reflections more than the preceding ray, / 3 , and thus the phases 
of all will be equal, or will differ by multiples of ctt, which is 
equivalent to no difference in phase. Consequently, when the 
film is infinitely thin, the phases of the rays a, / 3 , y, 8j . . . will 
all be equal, and will differ by ir from the directly reflected ray 
BC. Thus, if the sum of the amplitudes of the rays a, ( 3 , 7, 8, . . . 
is equal to the amplitude of the ray BC, complete interference 



Fig. 21S. — Rays internally reflected from a 
Film. 
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F1G.21Q.— -Illustrates Sir G. 
Stokes's investigation. 


occur, aod the film tviti appear perfectly black by reflected 
aie '1; ‘tae conditions 

The aSttlc o Tf"”' 7 <":«■ 

1 , . , ■I'-itec-ceu lay will be equal to some fraction nf n 

unity. If we now rever.se the reflected and 
refracted rays, they must togetlier produce 

a ray of amplitude equal to ir 

The ray ab . reversed will give rise to a 
reflected ray of b times its amiilitude {i.e, 
equal to ah\ travelling along the same straight 
line as a ; together with a refracted ray of c 
times its amplitude (/.£. equal to abc) equally 
inclined to the surface with ac. 

^ Let the ray ac reversed give rise . to an 
internally reflected ray of amplitude ace, together with a ray of ampli- 
Uidear/ refracted out into the air along the same .straighriine as .. 
Thus (Tig. 219), the reversal of the rays ab and irr gives rise to the two 
rays ac/ and ab- travelling along the same straight line as a j together 
the mediur travelling along one straight line within 

Since the reversal of ab and ae must merely reproduce a, we have — 
acf + ab'^ = a-, cf b"^ = i. . . . ; (j) 

ace + abc = o ; , e b = o. , , ... '^2) 

From [2) e= - b. ^ Thus, the coefficients of internal ' and external re- 
flection_ are numerically equal, but of opposite signs. The explanation 
this is, that a phase change of ir occurs at external reflection, while 
no phase change occurs at internal reflection. 

Returning to Fig. 218, if u: is the amplitude of the ray AB, that of the 
chjcclly reflected r,y BC tvill 1« ai. The ray . w’L d^dded ta 
AB by one refraction into the medium, one internal reflection, and one 
refraction into the air. Thus, its amplitude is equal to acef, or, by(i) 
and (2), to (1-/1^)}. The ray ^ differs from « only in having 

suffeied two extra internal reflections ; its amplitude will be ac^f, or 
rti Similarly, the amplitude of the ray 7 is equal to 

,-at {i-b)\, and so on with the other rays due to multiple internal 
reflections. 

The sum onhe amplitudes of the rays due to internal reflections is 
qqual tq the infinite series — 

- ab[\ - IP- + Jr . . . \, ... (3) 
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The series within the brackets constitutes a geometrical progression, 
of which the first term is I, and the common ratio is I?-. "I’lie sum 
of n terms of this series is equaU to As n i:ncreases, 

the value of continuously diminishes, since b<.i. Thus, when 
n = 00, the sum of the series within the brackets in (3) is equal to 
1/(1 and the value of (3) reduces to -ab. This value is equal to 
the amplitude of the directly reflected ray, BC, _ with sign reversed. 
Consequent!}'', the series of rays due to multiple internal reflection in 
the film together just annul the directly reflected ray BC, and the 
perfect blackness of the central spot in Newton’s rings is accounted 
for. 

It may be left as an exercise to the student to prove that the sum of 
the amplitudes of all the transmitted rays (Fig. 218) is equal to a, the 
amplitude of the incident ray. 

Test of Plane Surfaces.— Let an air film be formed between 
two surfaces in close proximity. If both surfaces are accurately 
plane but slightly inclined to each other, interference bands, 
parallel to the line in which the surfaces would intersect, are 
observed when the film is illuminated by light from a Bunsen 
flame coloured with a sodium salt. If one surface only is plane, 
the bands formed will be curved, and each band passes through 
all points of the air film which are of uniform thickness. Thus, 
the bands form contour lines for the curved surface. By this 
means, having given one plane surface, the planeness of any 
other surface can be tested. Lord Rayleigh has tested the 
planeness of a glass surface by supporting it, at a distance of 
about half a millimetre, below the surface of water. The water 
surface will be truly plane if care is taken to remove floating 
specks of dust, &c. ; the nature of the glass surface can be 
inferred from the shape and disposition of the interference 
bands formed under monochromatic illumination. 

Interference produced by Thick Films.— When the thick- 
ness of a film exceeds a few wave-lengths of light, no inter- 
ference will be observed if white light is used as an illuminant. 
The overlapping of the various sets of fringes produces an 
illumination sensibly uniform. Using monochromatic light as 
an illuminant, bands can be seen on comparatively thick films. 
Thus, thin sheets of mica, glass bubbles, &c., will be seen to be 
covered w'ith alternate bright and dark bands, -vdien viewed by 

1 Hall and Knight’s Higher Algebra, p. 39. 
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the light from a Bunsen flame coloured with sodium. Using- a 
meicuiy vacuum lamp, bands can be observed on a sheet of 
glass several centimetres in thickness. The shape and dis- 
position of these bands indicate whether the bounding surfaces 
of the plate are plane and parallel. 

Spectroscopic Examiiiaitioii of Interference Fringes-, Let 

an image of a set of interference fringes be focussed on the 
plane of a spectroscope slit, the bands being parallel to the 
sht. The resulting spectrum will exhibit dark bands corre- 
sponding to the wave-lengths of light which interfere at the 
position of the slit. If the interference is due to a thin film, 
then a single dark band will occupy the whole of the spectrum 
when the film is infinitesimally thin, and its image is formed 
by reflected white light. If the image of the film is shifted so 
that thicker portions are focussed on the slit, violet light will first 
appeal, then blue, yellow, and red. We shall soon, however, 
aiiive at a thickness where two different wave-lengths are 
simultaneously destroyed by interference ; in this case there 
will be two dark bands in the spectrum. For a greater thick- 
ness the dark bands will be more numerous. 

Let 5 be the thickness of the part of the film which is focussed on the 
slit, and let fij be the refractive index of the film for red light. Then, if 
the light is reflected normally from the film, and is the wave- 
length coiiesponding to a dark band toward the red end of the spectrum, 
2^5 = ;/A, where u is an integer (p. 407). The internally reflected red ray 
is retarded by wave-lengths behind the directly reflected ray. As we 
pass toward the blue end of the spectrum, we may arrive at a position 
such that the internally reflected wave.s, being shorter than those of the 
red light, are retarded by (u + r) wave-lengths behind the directly 
reflected waves. Here, there will be another dark band in the 
spectrum. If Ag is the wave-length of the light destroyed, and is the 
corresponding refractive index of the film, we shall have 2^38 = (u I- ijAg. 
Thus, the wave-lengths Aj, Ag, Aj, . . . &c., corresponding to the various 
dark bands, will be given by the equation 

25 = «Aj/^i = {«-(- 1)A2 /m2 = (n + 2)Aslfis = . . . 

As the thickness of the film progressively increases, the dark bands are 
seen to move toward the red end of the spectrum, new ones being 
formed toward the violet end. At the same time the bands become 
narrower and more numerous, Ultimately the bands become too 
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narrow to be observed. The black bands in tire spectrum will be 
visible long after ariy trace of colour can be discerned by the eye in the. 
light reflected from the film. 

Expt. 67.^ — Illuminate the slit of a spectrometer with white light, and 
cover the slit with a thin film of mica. Notice the dark bands in the 
spectrum. Prove theoretically that the wave-lengths Aj, Ag, Ag, . . . 
corresponding to the dark bands are given by — 

2S = + 0 h/f^i = + I) = • . . 

Note that in this case the bands are formed by transmission (p. 407). 


X Situation of Interference Fringes.— On observing a very thin 

" film, such as a soap bubble, the interference bands appear to 
coincide with the film ; in other words, a motion of one’s eye 
produces no relative displacement between the bands and the 

film, or there is no parallax (p. 
23), When, however, the film 
is thick, the bands do not in 
general appear to be situated; on 
it ; their formation in this case 
must now be considered. 

Let KL, MN (Fig. 220) repre- 
sent sections of the plane bound- 
ing surfaces of a film, perpen- 
dicular to the paper. Let LK 
anclNM meet toward the left at 
a small angle, 0 . The ray AB, 

Fig. 220. — To determine the Situation incident at an angle on Ml\, 

of Interference Fringes. gives rise to the reflected ray 

' ,BP ; together with the ray BC, 

refracted, at an angle r^, into the film, BC is incident at an 
angle Z2 on the surface LK, and forms the reflected ray CD. 
The ray CD is incident at an angle Zg on the surface MN, and 
gives rise to the ray DP, refracted, at an angle rg, into the atmo- 
sphere. Interference or reinforcement occurs at the point P, 
where the rays BP and DP intersect. If, after leaving P, the 
rays DP and BP fall on a lens, they will once more ci'oss, and 
reinforce or interfere with each other, at the focus conjugate 
to P. Thus, P will be the position at which the interference 
band appears to be situated. 
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With P as centre, and PD as radius, describe the arc DG. Produce 
BC to F, making CF equal to CD. With F as centre, and radius FD, 
describe the arc DK. The lines DK and DG will be apii^imately 
straight, and perpendicular to BC and BP respectively. ^ 

The portions DP and GP of the paths of the interfering rays are 
equal. Also BG = BD sin and BK = BD sin i\. Thus, since the 
distance BK 111 the film is equivalent to /i. BK = ^ . BD sin r. in air, 
and sm 2 ^=^ sin the portions BG and BK of the paths of the 
inteidermg rays are equivalent. Thus, the distance of retardation 
of the ray DP is equal to ,u(KC + CD) = ,aKF. Join FD. Then 
ID is perpendicular to KL, and equal to 25, where 5 = DPI • also 
n. S "" " M X DF = 2 f,d (conipare 


Let DP = a. 

while 

r BPD = 4 >. Then — 


DP 

— ® 

_ sin PBD 

. /tt N 

Sin ( 2- 

V 2 

^ _ cos Zj 

BD 

“ BD 

sin BPD ~ 

sin ^ 

sin (p ' 

FD 

25 

_ sin FBD 


_ cos r-i 

BD 

BD 

~ sin BP'D ~ 

sin Zg 

sin Zg’ 


• 

a _ sin z'g 
25 sin 9 

cos z\ 
cos >\ 



When fj, the angle of incidence, and 9, the angular inclination of the 
surfaces of the film, are small, the angles r^, fg, Zg, z'g, and <p will all be 
small. Thus, we may substitute unity for the value of any cosine, and 
the circular measure for the sine, of any angle occurring in our calcula- 
tion. Thus— 


From the triangle DPB — 


a = 25 -I 

9 


^ — “ 1 - 


TT . \ 


9 


t-l ~ Z'g — ii (UZg, 


since the relation sin Zg/sin reduces to rg/zg = 

From the triangle BCD — 

+ 2U + 


Zg = 2Z2-zV 

From the triangle of which BC is the base, and the lines CK and BM, 
produced to meet at an angle Q, are the sides, we have— 


9 + 


+ ^2) + ~ ^1) = A = 


E E 
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Hence — 


- {2i,i - }\) = 2'i - 4 [2i\ - 20 

= il + 2^0 - 4/j = 2^0, 


since — 


Thus, finally — 


hh'i — M- 




Special Cases. — ( i) When S is very small, a is approximately 
equal to o, unless 6 is exactly equal to o. This result explains 
why the interference bands apparently coincide with the film 
when the latter is very thin. 

(2) When 6 = 0, a = ± 00, according as ^ is positive or 
negative. Thus, when the film has an appreciable thickness and 
its bounding surfaces are parallel, the bands will be formed at 
an infinite distance. To view them, the eye must be at rest, or, 
if a telescope is used, it must be focussed for infinity. 

(3) If 6 is small, but not equal to zero, a small difference in 4 
or 8 will make a great difference in the value of a. Since different 
portions of the film will be seen by means of rays incident 
on LK at different angles, at points where 8 has different 
values, the bands will never be all in focus at once. 

When 9 is negative, while is positive, the point P is virtual, 
and is situated behind the film. 

Michelson’s Interferometer.— An ingenious arrangement 
for experimenting on the interference of light under great 
retardation has been invented by Prof. Michelson. Its char- 
acteristic features are represented diagrammatically in Fig. 221. 
A light-ray, LA, is incident at an angle of 45° on the surface 
of a glass plate thinly coated with silver ; the thickness of the 
silver is such that the intensities of the reflected and trans- 
mitted rays, AB and AC, are equal. The rays AB and AC, 
which are at right angles to each other, are reflected, at 
normal incidence, from the polished silver surfaces of the 
mirrors M and N respectively ; they then retrace their paths, 
the ray BA being transmitted, while CA is reflected, at A, 
after which both follow the path AD. Since the resultant rays 
are derived from the single ray LA, they will be in a condition 
to interfere with, or reinforce, each other, according as their 
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phases differ by an odd or even multiple of tt. The ray 
leflected from M has previously been reflected at A in air 
from the thin silver film, and is subsequently transmitted through 
the latter and the glass plate H supporting it. The ray re- 
flected at C has previously been transmitted through the thin 
silver film and its sup- 
porting glass plate H, 
and is subsequently re- 
flected in glass from 
that film. The phase 
changes on reflection 
at M and N are similar, 
and it has been found 
that, when the silver 
coating of H is thin, 
the phase changes on 
reflection from oppo- 
site sides of it, in air 
and in glass respec- 
tively, are similar,^ 
each being equal to tt. 

Thus, when the paths AB and AC are equal, or differ by any 
whole number of wave-lengths, the resulting rays will be in the 
same phase, and will reinforce each other ; when the paths 
diffei by an odd number of half wave-lengths, interference will 
occur. It will be seen that the ray reflected from N traverses 
the glass plate H three times in all, while that reflected from 
M only traverses H once. In order to make the paths of the 
rays exactly similar, a compensating glass plate, K, of equal 
thickness with H, and parallel to the latter, is interposed in the 
path of the ray AB. 



Fig. 221.— Optical System of Michelson’s 
Interferometer. 


On looking along the direction DA, we see the mirror M together 
With the image of N in the thin silver coating of H. Thus, the inter- 
ference fringes practically consist of Newton’s rings formed at an air 
film bounded by the silvered surface of M, and the image in H of the 
silvered surface of N. 

In order to obtain an extended source of illumination (p. 408), the 


\ Change of Light When Reflected at a 

and Stansfield, NcUure^ Sejpt. ap, 1897. 


Silver Surface,” E, Edser 
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source of light, S, is placed at the focus of a lens, L. Fig. 221 shows 
the plane waves derived from a particular point in the source. 

To adjust the instrument, the paths AB and AC are first made 
approximately equal by measurement, A sheet of tinfoil pierced with a 
pin-hole is then placed over the surface of L, and the two images of the 
pin-hole, due to the rays ACAD and ABAD respectively, are superposed 
by adjusting the inclination of N. The image reflected from the un- 
silvered surface of H can easily be distinguished from that reflected from 
the thin silver coating. On placing a sodium flame at S, and removing 
the tinfoil, interference bands are seen. If the paths AB and AC are 
not quite equal, the thickness, 8, of the equivalent air film will be 
;| i appreciable, and the bands will be displaced across the mirrors when 

j ; the eye is moved (p. 418). The mirror M is then slowly moved back- 

; I ward or forward until the parallax between it and the bands vanishes; 

I j On substituting a source of white light at S, and slowly moving M back- 

ij I wards or forwards through a small distance, brilliant coloured bands 

Ij i with a white centre make their appearance. The width of these bands 

j I can be altered by adjusting the inclination of the mirror N. 

I I' 

I I , \\\ -t- Resolution of Spectral Lines.— Let us suppose that a source 

Am' monochromatic light is placed at S. Interference 

I I ^' \ bands, formed in the manner already described, will be seen on 
; looking along the direction DA. If the mirror M is moved 

I backwards through a distance equal to a quarter of a wave- 

J I length, the thickness at each point of the equivalent air film 

I will be intreased by a quarter wave-length, and at each point 

I I where there 'was previously a bright band, there will now be a 

i dark one. A further motion of M through a quarter wave- 

' ! length will leave bright bands where there were bright bands at 

: i"' first. In general a displacement of M through any integral 

f j number of half wave-lengths will leave a system of bands 

identical with those originally observed. 

Now let us suppose that the source S simultaneously emits 
t i waves of lengths Aj and Ag, which are nearly, but not quite, equal, 

i ; When the paths AB and AC are equal, the two sets of bands 

I will occupy practically identical positions. Let the mirror M 

’ now be displaced parallel to itself. If \ is greater than A2, the 

j distancethroughwhich the mirror is moved maybe simultaneously 

I equal to and to In this case bright bands corre- 

I spending to A^ will occupy the same positions as when the paths 

! 
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AB and AC were equal, but a bright band corresponding to 
\will occupy the position originally filled by a dark band, and 
vice v^rsc . bus, a dark band due to Xpwill be covered by a 
Jrigkt band due to and the fringes will become indistinct, or 
vanish. On moving M through twice the above distance, it will 

be displaced through 2«. or 2{n+^)h ^ ( 2 n+i)h The 

bi ight bands due to \ and Xg will now coincide, and the fringes 
will be distinctly visible. As the mirror M is further displaced, the 
bands will become alternately distinct and indistinct. We thus 
have a means_ of distinguishing between light which is purely 
monochromatic, and that which consists of two or more wave- 
engths so nearly equal that they cannot be resolved by a 
spectroscope. ^ 

By means of his interferometer Michelson has succeeded in resolving 

‘ of spectral lines which were previously thought to be hoino- 

geneous. Light from a vacuum lube was analysed by a prism in the 
oidinary manner and one of the spectral lines was thrown on a slit in'a 
diaphragm placed at S (Fig. 221). The equivalent air film, in some 
xpeiiments, had a great thickness (in some it amounted to 20 cms, or 
more) ; thus, the difficulty had to be met that all of the bands are not 
in focus at once. This was_ done by using perfectly plane mirrors, 
adjusted so that the boundaries of the air film were strictly parallel 

■T-? P- 418) when the bands were all formed at 

infinity ; in this case they take the form of circles, and must be viewed 
by means of a telescope focussed for infinity. The mirror M waj 
isplaced_ by means of an accurate screw, and the alterations which 
occurred in the visibility of the bands were observed 
Michelson- found that each of the D lines is itself double, as is 
also the red hydrogen C line (A = 6563), and many others not previously 
resolved. The green mercury line (A = 5461) was found to consist of six 
lines very close together. Interference was obtained with the green 
ight from a mercury vacuum lamp when the difference in path of the 
interfering rays amounted to 40 cms. ! The red cadmium line (A = 6439) 
was found to be the most homogeneous readily obtainable. 

The Metre in Terms of Wave-lengths of Light. — Modern 
scientific measurements are all based on the metre as a standard 
ot length. It IS imprtant that we should have some means of 
accurately reproducing the standard metre preserved at Sevres 
in case some accident should happen to it. Maxwell suggested’ 
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that the wave-length of light, emitted by a suitable chemi 
element under prescribed conditions, would form the b 
standard of length. To carry out this idea, Michelson 1 
determined how many wave-lengths, corresponding to the ] 
cadmium line, are equivalent to the standard metre. I 
number of interference fringes which passed across a gi\ 
point, as the mirror M was moved through a measin 
distance, was observed. He found the standard metre to 
equivalent to i,553U63'S wave-lengths of the red cadmium li: 
According to this measurement, which is one of the m' 
accurate ever performed, the wave-length of the red cadmii 
line is equal to 6438'5722 tenth-metres. The error in t 
result probably does not exceed one in a million. 

Jamin’s Interferometer.— In this instrument, interferer 
/ fringes are produced by a method originally due to Brewst 
V A ray, AB (Fig. 222), incident on a thick glass plate at an anj 

of 45°, is split up into a clirec 
reflected ray, BE, together wi 
a refracted ray, BC ; the lat 
giving rise, by internal refl( 
tion at C, and transmission ir 
the air at D, to the ray D 
parallel to BE. BE and I 
are then incident on a seco 
glass plate similar and paral 
to the first one. A com pone 
of the ray BE is refracted into this plate at E, interna 
eflected and refracted into the air at F ; the resulti: 

ray, FH, coincides with the component of DF which is direci 
reflected at F. If the two glass plates are exactly similar a: 
parallel, the two paths traversed by the light will be equivalen 
but by slightly tilting one of the plates a difference of path m 
be introduced, and interference bands will be formed, i 
extended source of light must be used (p. 408). 

If similar tiibes containing different gases are placed so as to 
traversed by the rays BE and DF respectively, a measurement 
the shift produced in the bands can be used to compare the refract! 
indices of the gases. If one tube is exhausted, the refractive index of t 
gas contained in the other can be determined. Profs. Reinold a 



Fig. 222. — Optical System of Jamin’s 
Interferometer. 
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Rucker used Jamin’s interferometer to determine the thickness of blade 
soap films. F rom p. 403 we know that the thickness of these is small 
in comparison with the wave-length of light ; consequently, a number 
must be Interposed in the path of one of the interfering ray.s in order to 
obtain an appreciable shift of the bands. The end of a glass tube was 
dipped into a soap solution, and the tulre was inverted till the soap film 
formed slid a short distance into the tube. A .second film was then 
formed, and the above procedure was repeated dll the tube enclosed 
about sixty films. The tube was then placed in the path of one of the 
interfering rays of the interferometer, and the shift of the bands, when 
the films appeared black by reflected light, was measured. From this 
re.sult, combined with a knowdedge of the number of films, and the 
refractive index of the soap solution, the average thickness of the films 
was calculated (p. 392). This was found to be equal to about 
( 10 X 10 ~ ® mm. ). It was found that an abrupt change in the thickness of 
the film occurs at the point where it becomes black. This apparently 
indicates that the thickness of a black soap film is comparable with the 
diameter of a molecule. It is probable that the diameter of a molecule 
lies between 0‘5 and 0'005 

Lippmann’s Colour Photography.— When light is reflected 
normally from a perfectly reflecting surface, the incident and 
reflected waves combine to form stationary waves (p. 263). If 
a phase change of tt occurs on reflection, there will be a node at 
the surface, and other nodal planes will be found at distances 
equal to A/2, X, 3X/2, cA, . . . from the surface. In each of these 
planes the ether will be stationary ; midway between any two of 
them (at an antinode) the ether will alternately sufier great 
displacement, and acquire great velocity (p. 264). If the reflect- 
ing surface is covered by a layer of a transparent substance, 
stationary waves will be formed in the ether penetrating the latter, 
and the displacement of the ether at the antinodes will there 
produce an oscillatory motion of the material particles (p. 278), 
while at the nodes the particles will be at rest. Thus, if 
chemical change is produced by the light, it is natural to anti- 
cipate that, under the above conditions, this will occur only at 
the antinodes. The layer cov'^ering the reflecting surface would 
then comprise a number of equidistant planes in which chemical 
change is produced, separated by spaces which remain unacted 
upon. 

To rest this point. Prof. Lippmann placed the film of a 
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photographic plate in contact with clean mercury, and exposed it 
to light on the glass side. The stationary waves formed in the 
film acted on the silver salts only in the planes passing through 
the antinodes. After development the imdecomposed silver 
salts were dissolved out in the usual manner. When dry, the 
film comprised a number of transparent layers of gelatine, sepa- 
lated fiom each other by thin silver films. The thickness of 
each transparent layer was equal to half the wave-length of the 
light used during the exposure. When illuminated by white 
light, incident normally, partial reflection occurred at each 
of the thin silver films. The waves, reflected from the two 
silver films bounding any particular transparent layer, suffered 



Fig. 223, Iransverse Section of Lippmann Film (magnified about 1,500 
Diameters). 


similar phase changes on reflection, and thus their final 
phase difference was due merely to the difference in their 
paths. Waves equal in length with those used during the 
exposure were totally reflected, since, for them, the retardation 
in a tiansparent layer amounted to a complete wave-length. 
Other waves penetrated the photographic film and were ab- 
sorbed. Thus, the film, when viewed normally by the aid of 
white light, appeared of the same colour as the light to which 
it had previously been exposed. When viewed obliquely, the 
colour of the film was displaced toward the blue end of the 
spectrum as the angle increased (p. 407). 

Prof. Lippmann also focussed a pure prismatic spectrum on 
a film under the conditions previously described, and obtained 
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a photop-aph of the spectrum in its natural colours. Coloured 
objects have also been photographed in a similar manner. 

Tip first investigator to obtain microscopic evidence of the laminated 
structure of Lippmann films was Dr. Neuhauss. Fig. 223 is a re,n-o- 
duchon of a plptomicrograph obtained in the following manner. Mr. 

"" photograph of the spectrum, and then stripped the 
film from its glass support. Mr. W. B. Randles made very thin trans- 
verse sepions of this film, and Mr. T. A. O’Donohoe, by magnifying 
one of these sections 1,000 diameters, produced the photomicrograph of 
which Fig. 223 is an enlarged reproduction. The upper surface was the 
one which was m contact with the mercury. The dark bands represent 
the antinodal planes, where the silver salts have been decomposed by the 
_g It ; these are separated by clear spaces, representing the nodal planes. 
The film was originally exposed to red light, so that the distance 
between two adjacent antinodal planes was equal to about 0-0035 mm. 
fiig. 223 IS of great interest, since it is impossible, by means of any 
orm p microscope, to see objects much smaller than the wave-length 
of light t the success obtained in this case is partly due to the circum- 
stance that the treatment of the stripped film previous to cutting 
caused it to swell considerably. ^ 


Questions on Chapter XVI 

1. Describe the method of determining the wave-length of a given 
source of monochromatic light by the bi-prism, and explain how the 
necessary adjustments are made and tested. (H., I., 1901.) 

2. Discuss the observed phenomena of interference in relation to 
the doctrine of the conservation of energy. (H., II,, 1901.) 

3. A plane soap film, illuminated by white light, gradually becomes 
thinner as the liquid drains away. It is viewed through a spectro- 
scope, the slit of which is horizontal, and which always is directed 
to the same part of the film. Describe and explain the phenomena 
which are observed. (A. 1898.) 

4. Exjslain the colours seen when a thin film of oil is spread over the 
surface of water. (A. 1893.) 

5. Describe Newton’s rings as seen by reflection. What relations 
hold between the thickness of the air space, the diameters of the rings, 

and the angle of incidence of the light? (H. 1889.) 

6. Discuss the method of determining the wave-length of light 
from, observations on Newton’s rings. (A, 1896). 

7. Newton s rings are formed between a plane surface of glass and 
a lens. The diameter of the third black ring is i cm. when soda 
light (wave-length = 589 x lo”? cm.) is used at such an angle that 
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the light passes through the air film at an angle of 30° to the 
normal. Find the radius of the glass lens. (A. 1897.) 

S. Describe the method of producing interference of light by the 
reflection of a beam of light from the front and back surfaces of 
thick plates of glass. How may such an arrangement he 
employed to determine the change in the refractive index of a liquid 
with change of temperature? (H. 1895.) 

9. Describe some method of producing interference fringes in 
which the difference of path between the interfering pencils is con- 
siderable, and point out the conditions for distinctness in the fringes. 
Show how your method could be used to measure small changes in 
the refractive index of a body. (H. 1892.) 

10. Newton’s rings are formed in sodium light between a flat lens 
and a plane : as the distance between the lens and the plane is in- 
creased, the rings disappear and reappear periodically. Explain this, 
and show how the phenomenon may be used to analyse the nature 
of a bright line in the spectrum. (H., I., 1898.) 

11. Write a short essay on the accurate determination of the 
wave-length of light. (H, 1894.) 

Practical 

1. Measure the apparent diameter of Newton’s rings (in sodium 
light), using light incident at different angles, and plot the relation 
between incidence and diameter. (Lond. B.Sc. tions. 1899.) 

2. Determine, by means of Newton’s rings, the wave-length of the 
light transmitted by the given coloured glass. (H. 1897.) 

3. Project Newton’s rings on to a screen, and by measuring them 
determine the ratio of the wave-lengths of the three given coloured 
lights. (H. 1896.) 

4. Compare the wave length of the light transmitted by red glass 
with that of soda light, by means of Fresnel’s bands. (IT. 1895.) 

5. Determine the curvature of the surface of a lens by means of 
Newton’s rings. The wave-length of sodium light is 5892 x io~® cm. , and 

^ “ wX ~ where and rg are the radii of the and the 

(x + «)‘'> dark rings as seen by transmitted light. (H. 1S95.) 

6. Arrange Fresnel’s bi -prism on the optical bench so as to exhibit 
the interference bands as well as possible. Describe the adjustments 
you make, and indicate why you make them. (H. 1893.) 


CHAPTER XVII 


DIFFRACTION 


Introductory.— A satisfactory explanation of the rectilinear 
propagation of light has already been obtained in terms of the 
Wave Theory (Chap, XIII). The reasoning used shows that 
wave propagation is approximately rectilinear, when the length 
of the waves is small. It has also been proved, by independent 
methods, that, as a matter of fact, the wave-length of light 
varies between o'g x io“2 mm. and o'S x io“^ mm., according to 
its colour. ^ Theory indicates that waves of such lengths should 
exhibit a slight tendency to bend round corners, and the effects 
of this should be observable under appropriate conditions. Such 
effects have been observed, and must now claim our attention. 
They are classified under the head of Diffraction Phenomena. As 
will be seen, these phenomena are exhibited when part of a wave 
front is intercepted by one or more opaque obstacles. 

Cylindrical Waves, Half-Period Elements.— Let S (Fig. 224) 

be the section of a narrow slit per- 
pendicular to the plane of the 
paper. Light transmitted through 
this slit will consist of cylindrical 
waves of which the axes pass 
through S. Let the circle APB be 
the section of an imaginary cylinder 



with axis passing thiough S, per- Fig. 224. — Half-Period Elements, 
pendicular to the plane of the paper. 

fram the slit S will in turn pass through the surface 
APB. The illi.mmat.on at a point O is due to the combined action 
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of the wavelets formed at different points of the surface APB As 
these points are at different distances from O, the various wave- 
ets which simultaneously arrive at O must have started at 
different bmes. The point P. where APB is cut by the straight 
lie US, IS nearer to O than any other point on APB • P is 
termed the pole of the wave surface APB. Let A be the ’wave- 

inTfOP I L'f’* ° “"tre. 

N W as radius, describe arcs cutting APB in M, and 

sm'face aVe r “"r "'"P cylindrical 

iface APB. Cylindrical wavelets from the edge M, of this 

strip must have started half a period earlier than those from P 

m oidei to arrive at O simultaneously with the latter. Wavelets 

from the strip PM, will reinforce each other at O PM is 

termed the first half-period element of the surface PB. With 

O as centre, and (OP + X) as radius, cut APB in M2 and N, 

Cylindrical wavelets from the strip of which MjMg is the section 

arrive at 0 simultaneously with the 
latter The phase of the disturbance from M^M^ will differ 

dividing PA and PB into succeLive 
alf-penod elements. The resultant disturbance at O is due to 

Ita the various haif.period 

'’*■ “diiui, from stout drawing 

a w' a s? et “W"^' ® “I’’ ”•>' “ -"EI' d-whig p"/ 

above a sheet of paper strained on a drawing board Toin S to O ’ 

point 30 cms. from S, by a straight line. Then OP = 20 Ls T 

on the for A = 0-2 cm., mark off points M„ M,„ m‘ . 

20-2 20 -f ° distances respectively equal to 20-1,' 

making Pn/= PM^’ Pn“- PM ^ Th ’ ’p by 

thile PN '5 N “T 

other half' ’pA "n' * ‘mni^ half-period elements due to the 

half -1 perpendicular to SO. To determine the 

half-period elements with respect to any point Q in TR rotate th 
paper disc until the pole P lies in the str Jght line jointr JsQ. 
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It is convenient to deal separately with the halves PA and 
_PB of the wave surface. As a result of the above exercise, 
it becomes evident that the breadth PM^ of the first half-period 
element is much greater than that of any succeeding element, 
while M1M2, M2M3, . . . are in descending order of magnitude! 
Since the elements are all of equal lengths, the areas of 
the 1st, 2nd, and 3rd, &c., elements must be in descending order 
of magnitude. Since the rate of decrease is continuous, the 
aiea of any element is approximately equal to the mean 
of the areas of the preceding and succeeding elements. 
Consequently, the numerical value of the displacement at O, 
due to wavelets from any particular element, is equal to half the 
sum of the displacements due to the preceding and succeeding 
elements. 

Let cfj, £^2, '^3, ■ • • be the numerical values of the displacements at 
O due to wavelets from the ist, 2nd, 3rd, . . . &c. , elements. Then, 
indicating the phase difference between the displacements from odd and 
even elements by prefixing a minus sign tod^, d^, . . . (compare p. 291), 
we find that D, the resultant displacement at 0 due to the half, PB, of 
the wave surface, is given by — 

T) ~ — d^ -i- djf — d^ -{■ dfj ~ . , . 

= hi/2 + {{di -f di )/2 - i/g} + -{((^3 -f- ^g)/2 - d^} + , . , 

= dil2. 

The displacement at O due to the whole wave surface is equal to 2D 
or hi. ^ 

, 1 ^ Diffraction at a Straight Ddgo. — Let the straight edge C 
and the illuminated slit S (Fig. 225) be parallel to each other, 
and perpendicular to the plane of 
the paper. It is required to deter- 
mine the illumination on a screen 
TOR, also perpendicular to the 
paper. 

Join SC, and produce to O. A 
line on the screen through O, per- 
pendicular to the plane of the 
paper, defines the limit of the 
geometrical shadow of the straight 
edge. At 0 the illumination is due to the half-period elements 
comprised in one half of the wave surface, and the displace- 



Fig. 225. — Diminution of Bright- 
nc.ss within the Geometrical 
Shadow of a Straight Edge. 
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ment is equal to dj2. As we pass along OT into the geometrical 
shadow, the ist, and then the 2nd, 3rd, 4th, . . . of the half-period 
elements are intercepted. 

^ When the ist element only is intercepted, the displacement D is 
given by — 

T) ~ — (^2 -h + dg — . . , 

~ d’j 2 — \{d 2 + d^j 2 — -)- dg)j 2 — d^^ — . . . 

== - 4/2 (i) 

As the 2nd, 3rd, . . . elements are intercepted, the displacement 
assumes the values (■frt'g/ 2), (-^/4/2), . . . &c. 

_As 4 j 4 ) 4 > 4 > • • • are in descending order of magnitude, the 
displacement rapidly and continuously decreases in magnitude as we 
pass into the geometrical shadow; the illu- 
mination, which is proportional to the 
square of the displacement, diminishes still 
more quickly. Thus, there is a small 
amount of illumination within the edge 
of the geometrical shadow, but this rapidly 
and continuously diminishes as we proceed 
„ , _ . and at a small distance within the edo-p 

FHngeT omSde becomes inappreciable (Fig. 227). 

^ C toward B (Fig. 226), and one after 

^ . , , another of the previously intercepted half- 

penod elements becomes exposed. Thus, the illumination at a point 
Q is due to one complete half of the wave surface, together with a 
certain number of elements of the other half. The displacement D, 
due to half of the wave, is given by = d,/ 2 . As the ist, 2nd’ 
3rd, . . . half-period elements of the second half of the wave surface 
are exposed, the displacement assumes the values— 

Dg = dj 2 + d^ = 2 dj 2 . 

Dg = (ij2 + dj - = 4 (nearly). 

D, = 4/2 + d,-d 2 + d, = d, + d42 + {[d, + d 2 )l 2 - 4} = 4 + 4/2. 

Dg _ 4/2 -1-4 - 4 + 4 “ 4 = 4 + 4/2 - 4. 

= 4/2 + 4 “ 4 + 4 “ 4 + 4 

= ^ -f- {(4 + 4)/2 - 4 } + {(4 + 4)/2 - 4} + a,l2 = 4 4/2. 

The illumination which would be produced at any point if 
the whole wave were operative is proportional to 42. The illu- 
mination corresponding to Dg is proportional to 94 V4, or 2-2542 
If is therefore greater than that which would be produced at the 
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the Geometrical Shadow 
of a Straight Edge. 


4} — 4 + 4/2- 
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point by the unobstructed wave. The illumination corresponding 
to Dg is proportional to and is thus less than that correspond- 
ing to Dg. D4 corresponds to an illumination slightly less than 
that due to Dg, since < dy, but greater than that due to Dg, 
while Dg corresponds to an 
illumination less than that due 
to D4, and so on. Thus, as we 
proceed along OR, away from 
the edge of the geometrical 
shadow, a number of bright 
bands separated by compara- 
tively dark intervals are en- 
countered (Fig. 227). Owing 
to the unequal widths of the 
half-period elements, the bright 
bands on the screen occur at 
unequal intervals, the first band 
being widest, while the rest decrease in regular succession. 
The distinctness of these bands becomes less and less as we 
proceed, and after a time the illumination becomes uniform. 

Diffraction Bands can only be observed when the Source 
of Light is of very Small Dimensions.— An illuminated pin- 
hole or narrow slit is generally employed. An extended source 
of light is equivalent to a large number of linear sources, and 
these give rise to different sets of bands, which overlap and 
produce uniform illumination. 

For a given disposition of the source, straight edge, and 
screen, the width of corresponding half-period elements will be 
smaller for blue than for red light. As a consequence, the width 
of the bands will be less for blue than for red light. When 
white light is used, the inner edges of the first few bands will 
be blue, and the outer edges red. 

Narrow Obstacle. — A -fine wire or other similar obstacle, 
when placed parallel to an illuminated slit, intercepts some 
of the wave elements, and thus produces diffraction effects. 
On either side of the geometrical shadow may be observed a 
series of bands similar to those already described, and produced 
in a similar manner. Those on either side are produced by the 
light which has passed the corresponding edge of the obstacle ; 
they are of unequal widths, and are unaffected by the breadth of 



Fig. 227. — Diffraction Bands bordering 
the Shadow of a Straight Kdge. 
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the obstacle. Inside the geometrical shadow another series 
of bands is formed. These bands are narrower than those 
previously mentioned, and are approximately equidistant from 
each other, the space between two bright bands being inversely 
proportional to the breadth of the obstacle. 


The displacement at the middle of the geometrical shadow is due to 
the unintercepted elements in the halves of the wave surface. If the 
obstacle intercepts only the first elements in both halves, the displace- 
ment at the middle of the geometrical shadow will be equal to 2 x - d^jz 
= - rf'g. This is only slightly smaller than that obtained when the ob- 
stacle is removed. If the first and second elements in both halves are 
intercepted, the displacement at the middle of the geometrical shadow 
will be equal totf.,, and so on. Since rf,, d^, d.^, . . . are in descending 
order of magnitude, it follows that the illumination at the middle of the 
geometrical shadow becomes more feeble 
as the breadth of the obstacle in- 
creases ; it becomes inappreciable when 
the obstacle intercepts more than the 
first few of the half-period elements. 

The displacement at any point, Q 
(Fig. 228), within the geometrical 
shadow, is due to the combined action 
of wavelets derived from the wave sur- 
face in the immediate neighbourhood 
of the edges of the obstacle. The 
wavelets from C and F (Fig. 228) start in the same phase and, on reaching 
Q, will reinforce, or interfere with, each other, according as (QC - QF) 
is equal to an even or odd number of half wave-lengths. Thus, if 
OQ = -r, and CF = 5 , while the distance from O to the point midway 
between F and C is equal to D, we have, by reasoning precisely similar 
to that employed on p. 390, 



228. — Formation of Dif- 
fraction Bands within the 
Shadow of a Narrow 
Obstacle. 


• nK, [for the «th bright band to be at Q], 


and- 


■*” 2/ band to be at Q], 


where n can be any integer, including o. The bright band correspond- 
ing to M = o is the central bright band. 

The distance between the middle points of two neighbouring bright 
bands is equal to Da /5 (compare p. 391). Thus, the smaller we make 




diffraction 


With a ve,; ™ ‘’■'rr “ 

geometrical shadow. ^ ° ^ beyond the 

Croff i!?’ f ^ intlebted lo Mr W B 


Fig. 229.— Shadows of Pointed Ends 
of Needles. 


Fig. 230. — Shadow of Eye 
End of Needle. 


bright band at its 
needle made ; the c 

of unequal widths, are seen, together with t 
bands. The broadening of the central bant 
of the needle should be noticed. Pi 
Croft, shows the diffraction bands for the 
end of a needle. 


centre was obtained by using the smallest 
larger. The outer bands, 
with the inner equidistant 
’al band towards the point 
Fig. 230, also due to Mr. 
— ..*.0 shadow of the eye 


Expt. 69.— Place a convex lens in front of 
this toward a narrow slit (made as described in 
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in front of a gas flame. On placing a fine wire close in front of the 
lens, the internal and external diffraction bands are cleaily seen. 

The wide bands on either side of the bi-prism fringes (Fig. 207, p. 395) 
are dne to a cause similar to that which gives rise to the external bands 
fringing the shadow of a needle. The bi-prism divides a cylindrical 
wave from the slit into two portions. The central fringes are formed by 
interference between wavelets from both portions ; the wider external 
bands on either side are derived only from the half wave surface on that 
side. / 

Rectangular Aperture. — Let C and F (Fig. 231 ) represent 
the edges of a rectangular aperture, while AB represents a 
cylindrical wave surface of which the axis coincides with the 
illuminated slit S. If the distance CF comprises a considerable 
number of half-period elements with 
respect to the screen TOR, the 
limits, M and N, of the geometri. 
cal shadows of the edges C and F, 
will be bordered internally by dif- 
fraction bands of unequal widths, 
similar to those described in con- 
nection with a straight edge. The 
illumihation of the screen quickly 
fades out as we proceed to points farther from 0 than M or N. 

Let us now suppose that CF comprises only a few half-period 
elements. Let O be a point on the screen equidistant from C 
and F. If, with respect to 0, CF comprises only the '"first half- 
period elements of each half of the wave AB, the displace- 
ment at O will be equal to crfi, which is a maximum value. If 
CF comprises the first two half-period elements, the displacement 
at O will be ecpial to 2 ^/^ — crfg, and thus has a minimum value. 
If CF comprises three half-period elements, the displacement at 
O is equal to — 

- 2«^2 + 2ff.j = + <4 ■+■ + cfg) - Zd,}^ = d-^+ tfg, 

which is a maximum value, slightly smaller than if the first half- 
period element were alone comprised by CF. Proceeding in this 
manner, we see that, using monochromatic light, the illumination 
at O has a maximum or minimum value according as the aperture 
comprises an odd or even number of half-period elements in each half 



Fig. 231. — Diffraction at a 
Narrow Aperture. 
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of the wave surface. Consequently, if the screen is moved up 
lorn a distance toward the aperture, the middle of the illumin- 
ated area becomes alternately bright and dark. When white 
light IS employed, the point O will generally be coloured, since CF 
may comprise an odd number of elements with respect to red 
and an even number with respect to blue light. ’ 


Le us suppose that CF comprises three half-period elements in 
each half of the wave surface, with respect to O. There will then be a 
bright band at 0 , the displacement there being equal to d. +d„. As we 
proceed across the screen toward R, we shall reach a point where the 
third half-period element of the upper half of the wave is intercept^ 
while the fourth half-period element of the lower half of the wave is 
exposed. The displacement at this point is equal to {d, - d.) from the 
upper half of the wave, and to — 


di ~ d^ + d.^ - d^ = {d^ + d.^)l2 + {(rf^ -I- dsj/2 ~ dz} ~ d^ 

= + d^yz - di 

from the lower half. The resultant displacement is equal to— 

di + {{di + dg)/2 - dzl ~ d^ = dj - d^, 

which is a minimum value. At this point there will be a dark band. 
A little farther on, the third half-period element of the upper half of the 
wave is intercepted, while the fifth element of the lower half becomes 
exposed. Here the displacement is equal to d^ from the upper half of 
the wave, and to — 

dj^ - dz + dg - d^ + d^ 

= 4/2 + {(^1 + dj]/2 - dz\ + {{ds -I- d^yz - d^! + .drj2 = {d^ -f d^yz, 

from the lower half. The resultant displacement is equal to (3(/j + dAlz, 
which is a • maximum value. Flere there will be a bright band. Thus’ 
the illuminated, area MN on the screen is crossed by bands alternately 
bright and dark. ^ 

At a point Q in the geometrical shadow of the edge F, the illumin- 
ation is due to a limited number of half-period elements belonging only to 
the lower half of the wave surface. The point Q will be bright or dark 
according as CF comprises an odd or even number of half-period 
elements with respect to Q. Thus, when QC - QF is equal to an even 
number of half wave-lengths, Q will be dark. When QC - QF is equal 
to an odd number of half wave-lengths, Q will be bright. These 
relations, it should be noticed, are opposite to those found with respect 
to a narrow obstacle (p. 432). The bands beyond M and N will be 
narrower than those within the region MN. 


F F 3 
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When CF comprises, with respect to O, an even number of elements 
in each half of the wave, and the central band at O is dark, similar 
reasoning proves the existence of bands alternately dark and bright in 
the illuminated region MN, together with finer bands beyond M and N. 

Finally, we must consider the case where CF comprises only a small 
"action of each first half-period element of the wave surface, with 
;spect to O. There will then be illumination at O, but no bands will 
e formed within the region MN. There will, however, be well-defined 
ands external to M and N, formed in the manner already described, 
if OQ = while FC = 5, and FO = D, we shall have” 

. ^ ^ bright band at Q], 

X = ^ n . [for a dark band at Q], . 

O 

The distance between two bright bands is equal to D\/5, so that a 
diminution in the width of the aperture increases the width of a band. 

Fig. 232, for which I am indebted to Mr. W. B. Croft, shows 
the appearance of diffraction bands due to very narrow apertures. 



Very Narrow Slit. Wider Slit. 

Fig. 232. — Dinfraction Bands formed bj' Narrow .Slits. 


'\n both cases the apertures w'ere so narrow that only the ex- 
ternal bands w^ere formed. These bands are seen to be equi- 
distant, as anticipated by theory. It is also seen that the 
wider diffraction bands correspond to the narrower aperture. 
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r lepioducecl, on a reduced scale, from a photograph ^ 

of diffraction bands formed by a narrow tapering slit. The slit 
used was 15 cms. in 
length, and tapered 
from a width of o-oS 
mm. at its upper ex- 
tremity to zero width 
at its lower extremity. 

It will be seen that the 
central bright band, 
and the fringes which 
border it, increase in 
width as the slit be- 
comes narrower. 

EXPT.70.— Lookat the 
incandescent filament of 
an electric glow lamp through a narrow slit placed in front of the eye. 
The diffraction bands are clearly seen. They can be seen by merely 
looking at the filament through the narrow aperture between two of 
your fingers. 

Small Circular Aperture. -In this case an illuminated pin- 
hole must be used as a source of light, and tli'e waves are 
spherical. Let S (Fig. 234) be an illuminated pin-hole, and let 
APB be an imaginary spherical surface with centre at S. 
Spherical waves, starting from S, will pass through the surface 
A.PB in regular succession. Let us 
divide this surface into half-period 
elements, with respect to a point O 
on the screen TOR. Join SO by a 
straight line ; the point P, where 
SO cuts the surface APB, is the pole 
of the wave surface. With O as 
centre, and radii equal to (OP-I-X/2), 
(OP-I-3X/2), . . . describe 
. ^^g'i^^ary spheres cutting the surface 

AI B m circles. The ist half-period element will be a circular 
ISC sunounding P, and the 2nd, 3rd, . . . elements will be small 

Photographs,” by W. S. Franklin, the Physical Review, 



Fig. 23.^. -Half- Period Ele- 
ments of Spherical Surface. 
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annular strips concentric with P. The central disc and two of 
these annuli are shown in profile in Fig. 234. The width of an 
element decreases as we recede from the pole, but the areas of 
the elements are neaidy equal, decreasing but slightly as we 
recede fi-om the pole (compare p. 290), If d^, d.^, . . . repre- 
sent the magnitudes of the displacements at O due to the ist, 
2ndj 3rd, .. . ..elements, these magnitudes are nearly equal ; the 
resultant displacement at O due to the whole wave is equal to — 

dj - d^ + + d^ . . . = dj2 (compare p. 291), 

since , the displacement due to any element is equal to half the 
sum bf the displacements due to the preceding and succeeding 
elements. 

Let C andF (Fig. 231) represent the edges of a circular aperture. If 
this aperture is small, the illumination at 0 will possess a maximum 
or minimum value, according as the aperture exposes an odd or even 
number of half-period elements of the wave surface. The' proof of this 
is similar to that given with respect to a narrow rectangular aperture 
(p. 434). Consequently, if monochromatic light is used, and the screen 
TOR is moved up toward the aperture from a distance, the point O 
(Fig. 231) will become alternately dark and bright. If white light is. 
used, the point O will in general be coloured, since the aperture CF may 
simultaneously comprise an odd number of 
elements for the red waves, and an even num- 
ber of elements for the blue waves, or vice 
versd. 

At a point on the screen between O and N 
(Fig. 231), the pole of the wave surface will be 
excentric with respect to the aperture. Let 
us suppose that, with respect to O, the aper- 
ture comprises four half-period elements, so 
that the point O is dark. For a certain point 
at a small distance from O, about half of the 
fourth element becomes intercepted at one _■ 
side, and half of the fifth element becomes 
exposed at the opposite side of the aperture (Fig. 235). The dis- 
placement at O was equal to {[dx+d^)lz — d^i; (compare p. 433), which 
is a minimum value, since d^, d^, and d^ are nearly equal. At the 
above-mentioned point on one side of O, the displacement is equal to — 

dx- d^ + d^- djz +dj 2 = (d/i -h 4)/2 - dj 2 + 4'2 
= {di + d^)j 2 (nearly), 



Fig. 235. — Half - Period 
Elements exposed by 
Circular Aperture. 
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which is a maximum value, and corresponds to a bright band. Since 
the illumination will be uniform at all points at the same distance from 
O, the bright band will be circular. At a point farther from O than 
that already considered, half of the third element will become 
intercepted at one side, and half of the sixth element exposed at the 
other side of the aperture. The displacement will then be equal to — 

< - 4 + 4/2 - 4/2 + 4/2 - 4/2 = 4/2 - 4 / 2 , 

which is a minimum value, and corresponds to a dark circular band, 

Thus, the point O will be surrounded by a series of circular 
bands of unequal widths, alternately brig-ht and dark. If the 
aperture is very large, these bands will only be visible near the 
limits of the geometrical shadow, as in the case of a straight edge. 
If the aperture comprises only a few half-period elements with 
respect to O, the point O will be bright or dark, according to 
the number of elements comprised in the aperture, and w'ill be 
surrounded by bands alternately bright and dark (using mono- 
chromatic light) or brilliantly coloured 
(using white light). If the aperture is so 
small that, with respect to O, only a 
fraction of the first half-period element is 
comprised, the point O will be bright, 
but there will be no bands within the 
geometrical image of the aperture. With 
respect to a point Q (Fig. 231) within 
the geometrical shadow, the aperture 
exposes a number of short lengths cut 
off from succeeding half-period elements 
(Fig. 236). The point Q will be bright 
or dark, according as the aperture com- 
prises an odd or even number of these 
fractional elements ; in other words, according as QC - QF 
(Fig. 231) is equal to an odd or even number of half wave- 
lengths. Thus, when the aperture is exceedingly small, its 
geometrical image on the screen will be surrounded by a large 
number of bands alternately dark and bright. The distance 
between the centres of two neighbouring bright bands, as 
proved on p. 436, is equal to DA/S, where S is the diameter of 
the aperture, and D is the perpendicular distance from the 
centre of the aperture to the screen. 



Fig 236. — Half- Period 
Elements exposed by 
Circular Aperture. ■ 
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I' is- 237, for which I am indebted to Mr. W. B. Croft, is 
reproduced from photographs of diffraction bands due to four 
small circular apertures, varying in diameters from 2 mms. to 
0-5 mm. In each case the aperture comprised more than one 



half-period element, so that bands were formed within its 
geometrical image. The centre is dark or bright according to 
the number of half-period elements comprised. 

Diffraction in Pin-hole Camera. — It will now be obvious that 
no advantage can be obtained, with respect to the pin-hole 
camera, by diminishing the aperture so that it comprises less 
than one half-period element with I'espect to the screen. If the 
aperture is diminished beyond this size, each point of a luminous 
0 J^ct will give rise to a broad central spot encircled by rings 
which extend far beyond the geometrical image of the point, so 
that the complete image on the screen will become confused 
(compare Fig. 233). 

fe Sh^adow of Circular Dise*-Since the half-period elements of 
/a spherical wave are nearly equal in area, it follows that there 
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will be little loss of illumination at O if the first one or two 
elements are intercepted by an opaque disk. For the illumina- 
tion at O, due to the whole wave, is proportional to {dJ2f • if 
the first element is intercepted, the illumination is proportional 
to while if the first and second elements are inter- 

cepted the illumination is proportional to (4/2)2. since 4, 4 4 
. . . are nearly equal, the result stated above follows as a matter 
of course. This remark- 
able result was first de- 
duced by Poisson, who 
considered that it was. so 
far at variance with the 
recognised properties of 
light, that it disproved the 
wave theory by a reductio 
ad absurdtim. The occur- 
rence of a bright spot at 
the centre of the shadow 
of a small circular disc . 
had nevertheless been 
observed by Delisle as 
early as 1715, but had then 
attracted small attention, 
and had subsequently 
been completelyforgotten. 

It was thus left foi Arago to show that here, as in other cases, 
the results of experiments are in complete agreement with the 
predictions of the wave theory of light. Arago found that the 
shadow of a circular disc 2 mras. in diameter had a bright spot 
of light at its centre. 

Fig. 238, due to Mr. W. B. Croft, is a photograph of the shadow 
of a threepenny-piece. A pin-hole was illuminated by sunlight, 
and at a distance of 18 feet a threepenny-piece was suspended 
by a fine wire. The shadow of the coin was allowed to fall 
directly on a photographic plate at a further distance of 18 
feet. A bright spot is seen at the centre of the shadow. 

Under appropriate conditions, the bright spot at the centre of the 
shadow is seen to be surrounded by fine circular bands, similar in origin 
to those found within the shadow of a narrow rectangular obstacle (p.432). 
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Outside the geometrical shadow are broad diffraction bands of unequal 
widths, similar to those produced by a straight edge. The diffraction 
bands due to the fine suspending wire are clearly visible in Fig. 238. 


^ Zone Plate. Let PM„ (Fig. 239) represent an imaginary plane 
/perpendicular to the plane of the paper, and let S be a luminous 
point in the plane of the paper. Draw SP perpendicular to the 

imaginary plane, and 
produce to O. Let us 
determine the displace- 
ment at 0 due to wave- 
lets produced at points 
in the imaginary plane, 
under the action of the 
spherical waves diverg- 
ing from S. Let Mj 
be a point such that 
the path SMi-j-M^O is 
equal to SP-I-POh-A/ 2. 
A circle surrounding 
P, of radius equal to 
PMi, will enclose an 
area, the wavelets from 
which reinforce each 
. other on arriving at 

O. This area constitutes the first half-period zone. Let Mo 
be a- point such that SMo-fMaO = SMi-hMiO-f- X/2. With 
P as centre, and radius PMg, describe a circle on the imagin- 
ary plane. Then the annular space, bounded by the concentric 
circles of radii PMj and PM2, constitutes the second half-period 
zone. Wavelets from this zone reinforce each other at 0, where 
they produce a displacement differing in phase by tt from 
that due to the wavelets from the first half-period zone. 
Similarly, let SMg-fMgO = SMa-fM^O -I-X/2. Then the annular 
space, between the circles of radii equal to PMg and PMg, con- 
stitutes the third half-period zone. Proceeding in this manner 
we can completely divide the plane AB into half-period zones 
surrounding P. 



Fig. 239-— Illustrates the Theory of a Zone 
Plate. 


Let Mn be a point on the external boundary of the nih. half-period 
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zone. Then SMm + M«0 = SP + PO + 7iX/2. Let PMm = r, while 
SP = u, and PO = v. Then, if SM,i = 

11^ - = {m — u)(m + u) = ; 

in — + u) = r^l 2 u, . 

since f/i differs from u only by a few wave-lengths of light. Thus— 
SM,i = 711 = u + 

By similar reasoning— 

oyin — V ^ r^lzv^ 

SM« + M,iOf = SP + PO -i- — + & -i- = u +v + —(- + -\ 

\ 2 2 / 2 \u v) 

71K ■=. r^(- -i- -Y and 7^ — - . nK. . . . (i) 

\u v) u + V 


The values of r for the ist, 2nd, 3rd, . . . zones can be found by 
substituting 1,2, 3, ... for n in (1). It thus follows that the external 
radii of the various zones, for given values of u and v, are propor- 
tional to the square roots of the natural numbers i, 2, 3, . . . 

The area enclosed by the tiVn. zone is equal to — 


ir 


uv 

' u ■¥ y 


{n\ — n — 1 , A.} = '!r 


ttv 

u ^ v' 


Since this value is independent of it follows that all zones are 
equal in area. 

Thus, the numerical magnitudes of rfi, d^-, d^, . . . , the^ dis- 
placements at 0 due to wavelets from the various zones, diminish 
only slightly with the order of the zones (compare p. 291). The 
displacement due to any zone is equal to half the sum ^ of 
the displacements due to the preceding and succeeding 
zones, and the resultant displacement at O, due to all of the 
zones, is equal to dj2. Let us now intercept the wavelets from 
the 2nd, 4th, 6th, . . . zones ; the resultant displacement at O 
becomes equal to — 

i/j -h ifg -p . • . 


which is many times greater than that due to the wavelets from 
all the zones. O will thus be a point of maximum illumination, 
or, in other words, light from the luminous point S will be brought 
to a focus at O. The connection between u and w, the respective 
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^stances of the object S and the corresponding image O from 
the zone plate, is given by— ^ ^ 


-+ i - ^ 

U V -yi ’ 


( 2 ) 


Where r is the radius of the ;zth zone. Thus, for a given zone 


plate, — + 

u V 


a constant value, a result similar to that 

found for a convex lens. Substituting zz = oo we find thm- 
focal length of the zone plate is equal ^ 

ar, compute. B„.a»„e p,aeeL .ha SS 

foci, of decreasing mlansity, are sitoted between it and He brigta 
focus calready mentioned. For. if the values of zz and z- are such that (hi 
first zone comprises three half-period elements the di.lnl! I f ^ 
wavelets from that zone has the vakieTw ) 1 if ? 
from the 4th, 5th, and 6th olemen?t llll tntmetcwL 

eXl t^- ’ AplaceVen. 

K + rt's -f 4 -f- £fg + ... 

Which isgreatei than that dneto the waveletsftom all of the cones To 

The positions of the corresponding foci are given by— 

fx^r^lnK, f^=r'^l2nK, /s ^ ry^ux, See. 

To obtain a zone plate, it is only necessarv to 
. paper a large number (about 230) of cLclTtUc chclt If 

and tEf’w " h nuiiblrs 

glass of tbl 1 alternate zones ; a reduced photograph on 

glass ofthis drawing, constitutes a zone plate. ^ Pa on 

hig. 240 is reproduced from an accurate dra wirier of a 

plate, executed by Prof. R, w. Wood"“lf Srif„lLd°by 
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i It. 240.— urawmg to oe used in making a Zone Plate. 

to the fiist and most distinct focus, to a lens of about a metre 
focal length. 

Lord Rayleigh has pointed out, that if, instead of intercepting the 
wavelets from the 2nd, 4th, , . . &c., zones, we could change the 
phases of these wavelets by w, we should obtain at O (Fig. 239) a dis- 
placement equal to — 

cfj + + d,^ + d^ + ds + . . . 

which is about twice as great as that due to the 1st, 3rd, 5th, 
zones, and conesponds to an illumination about four times as great 
This has been achieved by Prof. R. W. Wood. A glass plate was 
coated with a thin layer of gelatine impregnated widi bichromate of 


photography to an external diameter equal to that of a shilling, 
a zone plate will be formed which is equivalent, with respect 
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potash. Under the action of light bichromated gelatine becomes hard 
and perfectly insoluble in water. An image of the zone plate (Fig. 240) 
was formed on the prepared film by the aid of a camera and lens, as in 
ordinary photography. The portions of the film occupied by the images 
of the white zones in Fig. 240 were rendered insoluble by the action of the 
light, while the rest of the film was unacted upon, and was afterwards 
dissolved in water. By trial a film was obtained of such thickness that 
light from the brightest part of the spectrum was retarded an odd 
number of wave-lengths during transmission through it. Since the 
film remained over the zones distinguished by odd numbers, the light 
transmitted through the latter zones suffered the requisite phase change. 

Prof. Wood has substituted the above zone plate for the 
object-glass of a telescope and obtained good definition. The 
craters on the moon could be seen by its aid, I-Ie has also 
obtained landscape photographs by using a zone plate with a 
camera. 

Resolving Power of Optical Instruments. — As we have 
seen, wave propagation is closely associated with interference. 
In the new wave surface the wavelets from the old wave surface 
reinforce each other ; at other points the wavelets interfere 
and produce no resultant effect. We have also seen how a 
divergent wave, after passing through a convex lens, becomes 
convergent ; the function of the lens is to retard the central 
portion of the incident wave. The convergent wave thus pro- 
duced is propagated by reinforcement and interference. The 
focus is the small 
space within which 
all of the secondary 
wavelets reinforce each 
other : this space will 
always possess a cer- 
tain magnitude, so that 
the . optical image of 
a geometrical point Fig. 241. — Resolving Power of a Lens, 

will never itself be a 

point, but will possess finite dimensions. The limits of the 
focus correspond to the points where the wavelets mutually 
interfere. 



Let light-waves diverge from a point, P, on the axis, AP, of a lens, L 
(Fig. 241), and be brought to a focus in the neighbourhood of A. It is 
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required to deterniine the diameter CB of the image formed. The point 
B is found from the consideration that interference must occur there 
retween the secondary wavelets derived from the main wave after 
imergence from the lens. It is obvious that the wavelets from E and F, 
roints on the periphery of the lens, are most capable of interference, 
dnce their paths differ more than those of other wavelets. Accordingly, 
;FB - EB) must be equal to A/ 2 . Join FC. Then, by symmetry, FC 
= EB, and FB - FC = A/ 2 . Let AL = z/, while LF = and CB 
= S. Then, by reasoning similar to that used on p. 390, we have — 

A/25 = rjv, 5 = vKfzr. (i) 

Between the points C and B, all wavelets reinforce each other, while 
at C and B interference commences. Thus, CB represents the brightest 
part of the image ; outside the points C and B, the illumination rapidly 
diminishes. 

It thus appears that the diameter of the image is inversely 
proportional to the aperture of the lens. This is a result of 
great importance : it explains, for instance, one great advantage 
possessed by telescopes of large aperture. The stars may be 
considered merely as geometrical points of light ; but the image 
of a star in a telescope will always possess finite dimensions, 
which are diminished by increasing the aperture of the telescope. 
Two stars may be so close together that, when viewed by the 
aid of a small telescope, their images overlap ; on using a 
telescope of greater aperture, their images may be rendered 
smaller, so that each is distinct from the other. 

In certain optical instruments, spherical aberration is dimin- 
ished by the use of a stop which allows light to pass only 
through the central portion of the lens. This arrangement 
entails a considerable loss of resolving power. Lord Rayleigh 
has pointed out that it is preferable to use a stop which allows 
light to pass only through the peripheral portion of the lens ; 
by this means spherical aberration is diminished without any 
loss of resolving power. 

Let G, FI, be two luminous points equidistant from, and on opposite 
sides of, the axis AP (Fig. 241). In order that waves from li and G 
shall be refracted separately by the lens L, they must arrive at the lens 
distinct from each other; in other circumstances they will be refracted as 
one wave through the lens and will form a single image. Thus, if the 
waves coincide with each other at L, they must be separated by about 
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half a wave-length at F, or FG - FH = A./2. Let P, a point on the 
axis midway between H and G, be at a distance u from L, while 
PIG = 6'. Then, as before — 

a/ 25 ' = r\u', I' — z<!A/2r (2) 

Each of the resultant images, as previously proved, will have a 
diameter, S, given by ( i ). Let D be the distance between the centres of 
the images. Then, since the magnification of the distance liG by the 
lens is equal to vlu, we have — 


D/S' = vjti ; 


D = - . 


V u\ 



so that the images will just touch at their edges, and will thus be just 
distinguishable. 


The above results throw an important light on the theory of 
the microscope. In the first place they prove, that for high 
resolving power, a microscope must possess an objective of 
wide aperture. Further, since the distance, S', between the 
nearest points which can be resolved, is proportional to X, it 
follows that anything which diminishes X increases the resolving 
power. Since the wave-length of light in a highly refracting 
medium is smaller than in air, we can understand the advantage 
of using Abbe’s homogeneous immersion (p. 78). Finally, a 
glance at Fig. 241 shows at once that if HG is sensibly smaller 
thanX/2, it would be impossible for waves from H and G to arrive 
at the lens distinct from each other. Thus, we can never hope to 
see any object which is very much smaller than the wave-length 
of light ; in particular, we cannot hope ever to see atoms or mole- 
cules. This restriction is quite independent of the perfection to 
which microscopes may be brought : it is inherent in the nature 
of light. Dr. Woodward, in Ameidca, has resolved Nobert’s 
set of test-lines of 112,000, to the inch, i.e. about half the length 
of the blue Avaves. Much further than this we cannot expect 
to go. 

Diffraction at a G-rating. — We must now examine the effects 
produced Avhen a number of narrow opaciue obstacles, of equal 
breadths, distributed at equal intervals in a plane, are interposed 
in the path of a train of light-waves. An arrangement of the 
sort descriljed is termed a grating. Gratings are usually made 
by ruling, with a diamond point, fine equidistant lines on the 
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surface of a sheet of glass. The rulings act as narrow opaque 
obstacles, separating narrow transparent spaces. Gratings 
frequently contain as many as 20,000, or even 40,000, lines to 
the inch ; in such cases the lines are invisible except under a 
powerful microscope. Photographic reproductions of ruled 
gratings are also frequently used. 

Let AB (Fig. 242) represent the section of a plane grating, 
supposed perpendicular to the plane of the paper. Let the width 
of the clear space be- 
tween any two conse- 
cutive rulings be equal 
to a, while the width 
of each ruling is equal 
to d. The distance 
(a + d), comprising one 
space and one ruling, 
will be termeda grating 
element. Points in two 
consecutive spaces. Fig. 247. — Diffraction of Plane Waves at a Grating, 
separated by a dis- 
tance (a -t- d), will be termed corresponding points. Let a 
train of plane waves, of any particular period, be incident nor- 
mally on a grating ; the transmitted light may be considered to 
consist of an indefinitely large number of cylindrical wavelets, 
each being produced by the disturbance in one of the very 
narrow strips into which a transparent space may be supposed 
to be divided. I The section of a wavelet by the plane of the 
paper will be a circle. Remembering that a ray is the path 
traversed by the disturbance from a particular point in a wavelet, 
it is readily seen that each wavelet gives rise, in the plane of the 
paper, to an indefinitely large number of rays diverging from the 
point at which it takes its origin. ’^Let us now consider the 
resultant effect produced by the rays derived from all points in 
the grating spaces ; we shall at first confine our attention to rays 
which make a certain angle, 6, with the normal to the grating. 
If these parallel rays, as represented in Fig. 242, fall on a lens, 
L, of which the axis is parallel to the grating normal, they will 
be brought to a focus at a point, P3, in the focal plane of the lens. 
Thus, at P3 the illumination is due to the resultant of the dis- 
turbances transmitted along the various rays. If the various 
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disturbances reinforce each other at P;,, that point will be 
brightly illuminated ; otherwise it will be dark. We must 
therefore determine the phases of the disturbances arriving at P 
after traversing the various I'ays. 

From B, the extremity of one of the grating spaces, draw BC 
perpendicular to the direction of the rays. A plane wave, of 
which the section coincides with BC, would, after traversing the 
lens, converge toward P. In other words, no relative phase 
change will be produced between the various rays after these 
pass tbe line BC. But, before reaching BC, the various rays 
have traversed different paths ; 
since the disturbances in the plane 
of the grating are equal in phase, 
the only phase changes produced 
are due to the differences in the 
various paths traversed. 

Let AB, CD (Fig. 243), represent 
consecutive grating spaces, separated by 
the ruling BC. Draw AM perpendicu- 
lar to the rays which make an angle, 
e, with the grating normal. Then AM 
makes an angle, 0, with the grating 
surface. Before reaching the line AM, 
the disturbance from C has traversed the distance CM. On the other 
hand, the disturbance at A originated there. Thus, the phases of the 
disturbances at A and M will be equal, or will differ by tt, according 
as CM is equal to an even or odd number of half wave-lengths. No 
further phase change will occur in the rays AE and CG before these 
meet each other in the focal plane of the lens. They will, thus reinforce, 
or interfere with, each other, when brought to a focus by the lens, 
according as CM is equal to an even or odd number of half wave- 
lengths. Produce AM to cut the ray DF in K. Then, the phase 
difference in the rays BH and DF, at the points L and K in the 
line AK, will be equal to DK - BL = CM. Thus, the rays BPI and 
DF will reinforce, or interfere with, each other, when brought to a 
focus, according as CM is equal to an even or odd number of half 
wave-lengths. If we take any two rays, originating at “corresponding” 
points in the spaces AB and CD, these rays will reinforce, or interfere 
with, each other, under the same conditions. Consequently, the whole 
of the rays from AB will reinforce, or interfere with, the whole of 
those from CD, according as CM is equal to an even or odd number of 



Fig. i43. — Diffraction at a 
Grating. 
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Falf wave-lengths. Since the grating is supposed to be unifonn, the 
rays in a given direction from pairs of consecutive spaces all over the 
grating reinforce, or interfere with, each other, according as those from 
any two consecutive spaces reinforce, or interfere with, each other. 
Further, CM ,= AC sin CAM = {a + h) sin 0 . Thus, the point P.j 
(Fig. 242) will be brightly illuminated, due to the mutual reinforcement 
of all rays making an angle 0 with the grating normal, when — 


(a + (^)sin e = n\, (i) 

where n may have any integral value, including zero. On the other 
hand, P3 will be dark, when — 

{a + h) sin 0 = (m + J)A (2) 


The point O (Fig. 242) corresponds to zero value of 0. This point 
will consequently be the centre of a bright band. In passing along 
OD, we shall arrive at a point for which the corresponding value of 0 
.satisfies (2), when n — o. Flere there will be darkness. Further on, 
we shall reach a point, Pj, for which the corresponding value of 0 
satisfies (i), when n = i. This point will be the centre of a bright 
band. Subsequently, we shall alternately encounter dark and bright 
bands as we proceed. There will be similar alternations between 
brightness and darkness as we proceed along OE. 

We have previously supposed that the light was mono- 
chromatic. It is easily seen that for blue light the point Pj will 
be closer to O than for red light ; this follows from the 
circumstance that, for — 

sin 01 = Xl{a + b) ; 

and the smaller A is, the smaller will be the value of d satisfying 
this equation. Similarly, for blue light the point Pg will be 
closer to O than for red light. If white light is used, the central 
image at O will be white, but as w'e pass along OD tve shall 
successively encounter a number of brilliant spectra, the blue 
end of each being on the side nearer to O. The spectrum in 
the neighbourhood of P^ is said to be of the ist order, while 
those at Pg, Pg, • • • are termed the spectra of the 2nd, 3rd, . . . 
&c. orders. Thus the order of a spectrum is determined by 
the integral value of n substituted in equation (i) above. 

It must be noticed that these dififraction spectra are formed in 
the focal plane of the lens L. On removing L, they can be 
seen by the unaided eye when the latter is unaccommodated, so 
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that parallel rays are focussed on the retina. In that case tire 
optical system of the eye takes the place of the lens L. The 
diffraction spectra will appear to be at an infinite distance 
behind the grating. 

Diffraction spectra can easily be observed, without special 
apparatus. 

Expt. 71. — Look at a distant lamp flame through a cambric hand- 
kerchief, or through a silk umbrella. A number of coloured images of 
the flame will be observed, arranged in two rectangular diiections, these 
latter being perpendicular to the meshes of the fabric. The fine 
scratches formed in cleaning the windows of railway cariiages will 
sometimes produce diffraction spectra of a distant souice of light. 

f- It rvill be seen from equation (ij, p. 45 L t^^at there is a definite 
relation between the wave-length, of the diffracted light : the 
order, of the spectrum: the width, of a grating element ; 

and the angle of diffraction, 6. Thus, the formation of cliffraction 
spectra by a grating gives us the means of determining the 
wave-length of light. The most accurate methods of ac- 
complishing this will be described subsequently ; the following 
simple method, which requires no special apparatus, is of some 
interest. 



Expt. 72.— Coat a piece of plate-glass with tinfoil (p. 395), and 
cut narrow slits in the latter to form an elongated A (Fig. 244, I). 

Mount this, with the cross-bar of the A hori- 
zontal, in front of a Bunsen flame, into which 
common salt is introduced (p. 333). Support 
a piece of fine wire gauze in a plane parallel to 
that containing the slits, and at some distance 
in front of the latter. Focus a small telescope 
on a distant object, and then place it, with its 
axis perpendicular to the gauze, at a distance 
of about 3 feet from the latter, and direct 
toward the centre of the cross-bar of the A. 
On looking through the telescope, a direct image of the A is seen, 
somewhat out of focus, together with several well -focussed diffraction 
spectra. Adjust the gauze so that one set of wires is vertical, and move 
it backwards and forwards till the first diffraction spectra intersect each 
other on the cross-bar of the A (Fig. 244, II). If D is the distance 
&oni slit to grating; while / is the length of the cross-bar of the A, 


Fig. 244. — Illustrates 
Expt. 72. 
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and 5 is equal to the width of a grating element, then the mean wave- 
length, A., of the sodium light is given by — 

X = /S/ 2 D. 

The values of / and S can be obtained by the aid of a travelling 
microscope, or by forming enlarged images on the screen by the aid of 
a lens, and determining the magnification. 

The theory of the above experiment can be understood by reference 
to Fig. 245. Let us suppose that A, B, are two parallel slits per- 
pendicular to the plane of the paper, while CE is the grating, and L is 
the object-glass of the 
telescope. Rays from A, 
which pass in straight 
lines through the grat- 
ing spaces to the lens, 
are brought to a focus 
at A' ; the construction 
for the position of A' is 
indicated by the broken 
lines. A' is the direct 
image of A. Similarly, 

B will give rise to an 
image B'. 

The diffracted ‘ rays 
which leave the grating normally cross each other at the principal 
focus, yj of the lens L. No relative phase change is produced 
between these rays after leaving the plane of the grating. Let F, 
G, FI, K be corresponding points of successive grating elements. Join 
AF, AG, AH, AK. With A as centre, and AF and AG as radii, 
describe the arcs FM and GN. These arcs are sensibly straight, and 
perpendicular to AG and AH resi^ectively. Since the width of a grating 
element is small, AF, AG, AH, &c., will all cut the axis, OX, in points 
very close to the grating, and MG will be approximately equal to NFI 
&c. If MG = the rays diffracted parallel to the axis from F and G 
will reinforce each other at f ; similarly, all rays diffracted parallel to the 
axis, from the grating element FG, and the one below it, will reinforce 
each other o,tf, and a similar reinforcement will occur with respect to 
rays diffracted parallel to the axis from other elements. Now, .r GFM 
= / FIGN (approximately), &c. = the angle of incidence, i, of the 
nearly parallel rays AG, AH, &c. Then, if MG = A, we have— 

A/5 = sin i — tan i (nearly) = //2D, 



Fig. 245. — Wave-Length Determination, using 
Two Slits and a Grating. 
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where Ijx — OA, and D is the j^erpendicular distance from O to the 
grating. 

A = /5/2D. 

When this relation hold,s, there will be a bright vertical line at f, due 
to diffracted rays from A. From symmetry, the rays from B, which are 
diffracted perpendicular to the grating, will also give rise to a bright 
line at/ By moving the grating backwards and forwards until the.se 
two diffracted images overlap, we may ensure that the above equation 
is satisfied. Using two slits inclined to each other, and adjusting so 
that the inclined diffracted images intersect on the image of the hori- 
zontal slit, greater accuracy is obtained. 

Dispersive Power.— The formula 

sin 0 = nxl[a -f h) 

indicates that different values of X correspond to different values 
of 6. Thus, as already explained, when white light is used as 
an illuminant, a spectrum is formed somewhat similar in appear- 
ance to that produced by a prism. Let X be a particular wave- 
length corresponding to an angle of diffraction & in the spectrum 
of the ;Ah order. In the same spectrum let a slightly longer 
wave-length, X -f /A, correspond to a slightly larger angle of 
diffraction, 6 4- dd. The symbol <fX, take?i as a whole.) represents 
a small increase in the wave-length, and the symbol dB^ also 
taken as a Avhole, represents the small increase in the corre- 
sponding angle of diffraction. 
Then the dispersive power of 
the grating may be repre- 
sented by the ratio, ddjdX. 
This is equal to the increase 
in the angle of diffraction 
corresponding to unit in- 
crease in the wave-length. 

Let AB (Fig. 246) represent 
a grating, comprising the N 
rulings a, b, c, d, e, . . . Let 
C and D be the beginnings of 
the 1st and (N -f- 'i)th clear 
spaces, while DF is the direction in which a particular wave-length, 
A, is diffracted to form the bright spectral band of the «th order. 
Draw CE perpendicular to DF, intersecting the latter in E. Then, 
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since the relative retardation between rays from corresponding points 
in consecutive spaces amounts to wX, and the points C and D are 
separated by N grating elements, it is obvious that DE = N«A. Let 
DG be the direction in which the wave-length A + r/A is diffracted to 
form the bright band of the'?«th order. DrawCH perpendicular to DG, 
intersecting the latter in H. Then, DH = Nw(A -f- ffA). Let the 
angle of diffraction for the ray DF be 0, while that for the ray DG is 
0 + do. Then, ^ DCE = 0, and FDG - dO = i. ECH. Also, 
DE = DC sin 0 = N(a; -I- sin 0, where (« -P b) is the width of a grating 
element (p. 449). Similarly, CE - DC cos 0 = N(£!; 4- b) cost?. 

Now, DH is approximately equal to DE, plus the circular arc, of 
radius CE, intercepted between the lines CH (produced) and CE. 
Thus — 

DH = DE + CE . do — N(a + b') (sin 0 dO . cos 0). 

Thus — 

N(« + b) sin 0 NwA. 

N(a 4- i5)(sin 0 + dd . cos 6) = N«(A + d\). 

, •. N(a + b) . do . cos 0 = N« . d\ (i) 


and- 


dO 


(a 4- b) cos 0' 


The above result shows that the dispersive power increases 
with the order of the spectrum observed, and is inversely pro- 
portional to the width (a + b) of a grating element. When e is 
small, cos 6=1 (approximately), so that in these circumstances 
equal increments of 6 correspond to approximately equal in- 
crements of wave-length. For high order spectra, where d is 
large, the dispersion increases appreciably with 6, and therefore 
with the wave-length, so that these spectra are more drawn out 
af^the red than at the blue end. 

''"'^^esol'ving Power of G-rating. — We must now determine 
the breadth of each bright band formed in the focal plane of the 
lens L (Fig. 243), when the light consists of only one wave-length. 
This point is one of great importance, since, if the light 
consists of two wave-lengths which are very nearly equal in 
magnitude, we shall not be able to obtain two distinct lines in 
the spectrum unless the breadth of the band due to each wave- 
length is less than the distance from centre to centre of the two 
bands. 

Let AB (Fig. 246) represent a grating possessing N rulings, a, b, 
&c. Let DP' be the direction of the rays which reinforce each other at 
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the centre of the bright band of the nth order. Draw CE perpendicular 
to DF ; then DE = N«A = N(a + d) sin 6. 

Draw the line CH in such a direction that the perpendicular DH, let 
fall on it from D, is equal to (N«+i)a, The rays irarallel to DG, 
which proceed from points at opposite edges of the gratine, traverse 
paths differing by DH = (N« + i)a. Rays parallel^o DG, whLh 
proceed from points separated by a distance equal to Ml/ the breadth 
of the grating, traverse paths which differ by {(Nw + i)a }/2 = (N/2)«A 
+ A/2. Let N be even ; then the above difference of path amounts to 
an integral number of wave-lengths, pins half a wave-length ; conse- 
quently the^ rays interfere and annul each other. Let us now divide 
the grating into two equal portions by an imaginary line parallel to the 
rulings. Then a ray parallel to DG, from any point in one half of the 
grating, will interfere with a parallel ray from a point in the other half 
ot the grating. Thus, the rays from the whole of the first half of the 
gating will be destroyed by those from the second half. Consequently 
fight of wavedength equal to A, will cease to be diffracted along DG, 
diffracted along any line lying between DF and DG. 

If N the number of elements, is odd, we may disregard the last 
element, since the fight from a single element can produce no apiire- 
elemen^^^^ ’ reasoning can then be applied to the remaining 

Now draw CK in such a direction that DK, the perpendicular 
let fall on it from D, is equal to (N/; - i)a. Produce DK to L 
Then, by reasoning similar to that used above, it can be proved that 
ight of wave-length A will just cease to be diffracted along the 
^d DR ’ between DL 

It is obvious that the angles GDFand FDLare approximately equal ; 
let each of these angles have the value o'e. Then, since DF makes an 
angle, 6, with the normal to the grating surface, the ;dh bright band, 

TnlesT T A, will be formed by rays dilacted at 

angles lying between {9 - dd) and (6l -f dO). 

By reasoning similar to that used on p. 455, 

DE = N«A = N(£i; -f 6) sin 9. 

DH = (N;i + i)A= N(u: + f;)(sm 9 + cl9 . cos 9). 

DK = (N?« - i)A= N(a + iJ)(sin0 - d9 . cos 9). 

■ •• 2 N(u; + ^) cos 9 . d9 = 2 \ (2) 

sontfffv" wave-lengths, X and X -1- dX, shall give 

eparate lines in the nth spectrum, their angles of diffraction 
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must differ by the value of idQ given in (2) above. Altering d8 
into zdQ in (i), p. 455, and substituting in (2) we obtain — 

N« . dK — 2\. 
dK _ 2 

■ 1C “ N« ^3) 

dk is the smallest difference of wave-length, between lines of a 
mean wave-length equal to X, which can be completely resolved 
in the ;/th spectrum of a grating containing N rulings. It is, of 
course, assumed that the telescope objective is large enough to 
take in rays from all the spaces. The ratio A/r/X is termed the 
resolving power of the grating. It is obvious that the resolving 
])ower increases with the order of the spectrum observed. It is 
not possible, however, with an ordinary grating, to observe 
a spectrum of very high order, owing to the decrease in bright- 
ness which accompanies an increase in the order. With a 
spectrum of given order, the resolving power is proportional to the 
total number of lines ruled on the grating. 

The D lines differ in wave-length by 6 tenth-metres, and this mean 
wave-lengdi i.s (roughly) 6,000 tenth-metres. In order to resolve the 
D lines in the spectrum of the Snd order, the grating must pos.sess 
N lines, where— 

26.., 

= 7- -. . N = 1,000. 

N X 2 6,000 

Absent Spectra. — It sometimes hapjoens that for a value of 6 
satisfying (i), p. 451, no spectrum can be observed. This 
happens when the value of 6 is such that each space contains an 
even number of half-period elements. In this case the rays from 
each space mutually interfere (compare p. 434). For the space 
AB (Fig. 243) to contain an even number of half-period elements 
with respect to the direction AE, the distance BL must be equal 
to some whole number 01 wave-lengths. For this condition to 
be satisfied — 

a sin 0 = n'\. 

AI.SO, from (i), p. 451, 

(a -f- d) sin Q — n\. 

a _ n' 

' a b I t 
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Since and n must both be whole numbers, «/{« + b) must Ije 
a proper fraction. Let a and /3 be the smallest whole numbers 
which measure the ratio of a to ^ ; thus a = ka^ and b = k{i. 
Then «/(« + ^) = ?//?/. The (a + / 3 )th, 2(a + / 3 )th, 3(a + j3)lh, . . . 
&c., spectra will then be wanting, since in these cases the spaces 
will each contain 2a, 40, 6a, . . . half-period elements. 

When a — b, and the spaces and rulings are of equal widths, the 2nd, 
4th, 6th, . . . spectra will be wanting. When a = 2b, the 3rd, 6th, 
8th, . . . spectra will be wanting. 

Expt. 73.— Mount a diffraction grating, with rulings vertical, on 
the central table of a spectrometer, the telescope and collimator of 
which have been adjusted as described on p. 88. Illuminate the slit 
with a sodium flame, and observe the diffraction spectra. The central 
table should be rotated until the ist diffraction spectra occur at equal 
distances on opposite sides of the direct image of the slit. Measure the 
angular distance between the two first spectra, divide by 2, and substi- 
tute the angle so found for 6 in (i), p. 451, where « = i 5 then calcu- 
late the value of A. If the grating contains N' lines per centimetre, 
(a -t- l>) = i/N' cm. Obtain values of 0 for the 2nd, 3rd, . . . spectra 
in a similar manner. Show that sin 8^ : sin : sin 63, . . . = i : 2 : 3, . . . 

Expt. 74. — Illuminate the slit with sunlight reflected from a mirror, 
and obtain the wave-lengths of the principal Fraunhofer lines (p. 340). 

Expt. 75. — Cut a number of rectangular apertures of different 
widths in cards, and place these, in turn, in front of the grating, and 
observe the difference produced in the resolving power with respect to 
the D lines. 

^Diflfraction in the Microscope;— When a diffraction grating, 
or other object possessing a regularly striated structure, is being 
examined under a microscope, diffraction spectra, similar to 
those already described, are necessarily formed in the focal plane 
of the objective. These are not visible through the eye-piece when 
it is adjusted to give distinct vision of the image of the grating; on 
removing the eye-piece, and looking down the tube, the diffrac- 
tion spectra can, however, be seen. Each diffraction spectrum is a 
region of maximum illumination, due to the mutual reinforcement 
of wavelets from all points of the object. If we have two gratings, 
one with twice as many lines to the inch as the other, the spectra 
due to the former will be twice as widely separated us those due 
to the latter ; in fact, the finer rulings lead to the suppression of 
the 1st, 3rd, 5th,. . . spectra obtained with the coarser rulings. 
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'J’he I St, 2nd, 3rd, . . . spectra due to the finer grating are exactly 
similar in position and character with the 2nd, 4th, 6th, . . . 
spectra due to the coarser grating. If, now, by means of a dia- 
phragm with suitable apertures, we stop out the ist, 3rd, 5th, . , . 
spectra obtained with the coarsjsr grating, the diffraction effects 
are similar to those obtained with the finer grating. On now re- 
placing the eye-piece, adjusted to view the image of the grating, 
it is found that this image comprises twice as maiiy lines as are 
actually possessed by the grating ; in fact, the appearance pre- 
sented is identical with that of the finer grating mentioned above. 
By stopping out every second spectrum still remaining, the 
number of lines seen in the image is again doubled. On stop- 
ping,^ut all spectra except the central (direct) one, no lines at 
all are seen in the image ; the image now formed is similar to 


that of a grating too finely divided to be resolved by the objec- 
tive. It thus appears that, in order that a microscope shall be 
able to resolve an object possessing a regularly striated structure, 
it is necessary that at least the two first diffraction spectra (on 
opposite sides of the central one) should be visible on looking 
down the tube after removing the eye-piece. 

- Concave Reflecting Gratings.— If a polished surface is ruled 
with fine eejuidistant lines, diffraction effects can be produced by 
reflecting light from the polished strips between the rulings. 
Reflection gratings are generally 
made by ruling the surface of a 
concave mirror of polished specu- 
lum metal with lines which lie in 
parallel equidistant planes. In this 
case, as we shall see, no lens is 
needed, the spectra being focussed 
by the mirror itself. 



Fig. 247. — Diffraction at a Con- 
cave Reflecting Grating. 


Let A, C (Fig. 247), be correspond- 
ing points in consecutive polished 
spaces of a grating (similar, for 

example, to A and C in Fig. 243), ruled on a concave surface 
with centre at K. Let light radiate from a slit, S, perpendicular to 
the paper. It is required to determine whether the diffracted rays 
AO and CO reinforce, or interfere with, each other at their point of 
intersection. 
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Draw the radius KA. Then, . SAK. is the angle of incidence, /, of 
Uie ray SA. Similarly, . KAO is the angle of diffraction, 9 , of the ray 
■■ O. Since the points C and A are very close together, the angles of 

loTlmiV'f '“l>“tivc.|y c,„al 

to I and 0, to a close approximation. 

With O as centre, and radius OC, descrilie the arc CD. With S as 

a,Kl ,acli» SA,tec.il.= Iho arc AE. Tire Hac, CD AE 

aie sensibly shaight, and respectively perpendicular to AO and SC 

to AK P7“^licular to AS, and AC is perpendicular 

thal nrnT by reflection at A will be equal to 

that pioduced by reflection at C, the difference in phase of the wave 

paths SCO and SAO. Also, since SE = SA, and OC = OD • the 
chfcrence in the paths SCO and SAO is equal to EC - DA. If ic 
= (a t P, 449), then EC - DA = AC jsin CAE - sin ACD} 

othcri 0 Then-”’ 

(a + i^)(sin i ~ .sin 0) = nK, 

Let NML (Eig. 248) be a concave surface with centre of curvature at 

K. Let this be ruled 
with lines formed by 
the intersections of 
the surface with 
parallel equidistant 
planes, perpendicular 
to the plane of the 
paper, one of these 
planes passing 
through the radius, 
KM, drawn from K 
to the middle point, 

M, of the surface. 

On KM as diameter 
describe the circle 
KSMO. Let an illu- 
minated slit, perpen- 
dicular to the plane 

ated at S, a point on the circle KSMO, and lef AC^AC bVanv 
two grating elements. We must determine the illumination at 0 , 



Fm..4S.-llIus.ates^^^e 
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a point on. the circle KSMO, due to the dilTractcd rays AO, CO, 
A'O, C'O, from the grating elements AC and A'C'. Let the angles 
of incidence and diffraction at A be respectively equal to i and 0, 
while the corresponding angles at A' are equal to i' and 0'. 
Then, if AC = A'C' = (a + the relative retardation between the 
waves arriving at O along the paths SCO and SAO is equal to 
(a + /;)(sin i - sin 0}. Similarly, the relative retardation between the 
waves arriving at O along the paths SC'O and SA'O is equal to 
(« + (^)(.sin z' - sin 0'). It will now be proved that, whatever may 
be the position of A'C', z' = i, and 0' := 0. 

Join KA, KA'. Then, .since K is the centre of curvature of NML, 
i SAK = z, and i KAO = 0. Similarly, z SA'K = z', and KA'O = 0'. 
If the diameter of the miiTor is small in compari.son with its radius of 
curvature, the points A, C, A', C', will lie very close to the circle 
KSMO, and, as far as the angles z, z', 0, 0' are concerned, may be 
assumed to lie on that circle. Then, since the angles SAK and SA'K 
are subtended, by the same arc SK, at points A and A' on the circum- 
ference of the circle KSMO, the.se angles are equal, or i = i' . Similarly, 
since the arc KO subtends the angles KAO and KA'O at points A and 
A' on the circumference of the circle KSMO, these angles are equal, 
or 0 = 0'. 

Since A'C' may be any grating element whatever, it follows 
that if diffracted rays from any two consecutive grating spaces 
reinforce each other at O, those from all pairs of grating spaces 
will do so. Proceeding from K along KOM, B maybe caused to 
vary between o and 77/2. A number of points can be found 
along KOM, such that the corresponding values of B satisfy the 
equation — 

(<z + ^)(sin z - sin 0) = zzX, 

where n has the values o, i, 2, 3, . . . 

Thus if a slit, S, illuminated by monochromatic light, is 
situated on the circumference of the circle KSMO, a number of 
well focussed images of the slit will be situated on the cir- 
cumference of the same circle. If white light is used as an 
illuminant, a number of pure spectra will be formed round the 
circle KSMO. , 

Rowland’s Grating. — The late Prof. Rowland was the first 
to succeed in ruling fine gratings on concave speculum metal 
mirrors. He utilised the principles explained above, in a most 
masterly manner, so as to obtain a normal solar spectrum ; i.e. 
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Fin. 249.— Fowland’s Grating and its 
Accessories. 


a spectrum in which equal distances correspond exactly to equal 
increments of wave-length. 

Two rails, SA, SB (Fig. 249), are mounted on a strong frame- 
work, so that their direc- 
tions intersect perpen- 
dicularly at S. GC is a 
w r o u g h t - i r o n girder 
pivoted near its ends, 
directly over the rails, on 
carriages which run along 
the latter. Then GSC is 
a right-angled triangle, 
and in all positions which 
the carriages may occupy 
S will be on the circum- 
ference of the circle of 
which CG is the diameter. 
A vertical slit is placed 
, at S, the intersection of 

tne laiis, and a concave grating, with its lines vertical, is mounted 
at G on the girder CG. The radius of curvature of the gratine- 
IS equal to CG, and the axis of the grating is adjusted to be 
parallel to the length of the girder. Monochromatic rays 
diffracted so as to cross each other at C, will have (9 = o, and i = 

A SGC. Therefore, in order that a wave-length. A, should produce 
a bright line at C— 

[a + b) sin i {a ( 5 )SC/CG = nK. 

Since CG is constant, it follows that as the point C moves from 
S along SB, the ist, 2nd, 3rd, . . . diffraction images of the slit 
are encountered, separated by exactly equal intervals. If white 
light IS used to illuminate the slit, the spectra of the ist, 2nd, 
3id, . . . orders will be encountered as we pass along SB. These 
spectra he along the circle of which CG is the diameter, but for 
a spectruin of any particular order the wave-length A, which 
line at C, is exactly proportional to the distance 
^ l nus, the rail SC can be graduated in wave-lengths. An 
eye-piece can be used to observe the spectra, or the latter maybe 
photographed directly by allowing the light to fall, at C, on a pre- 
paid photographic plate bent into a short arc of the circle CSG. 
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Rowland used a slit about 0-025 mm. wide. A grating containing 
10,000 lines to the inch was generally used ; a space 54 inches wide was 
ruled on a 6-inch polished surface, of which the radius of curvature was 
about 21-5 feet. The photographic plates were about 20 inches long, 
2^ inches wide, and -jV inch thick. The following extract describes 
Rowland’s method of photographing the solar spectrum : — 

We put in the sensitive plate, . . . and move to the part we wish 
to photograph. Having ex posed that part, we move to another position 
and expose once more. We have no thought for the focus, for that 
remains perfect, but simply refer to the table giving the proper exposure 
for that part of the spectrum, and so have a perfect plate. Thus, we can 



Ida. 250.- Portion of Rowland’s Solar Spectrum, from A = 3900 to A =4000, 
(much reduced). The two broad bands are the H and K lines. 


photograph the whole spectrum ... in a few minutes, from the F line 
to the extreme violet, in several strips, each 20 inches long (Fig. 250), 
and we may photograph to the red rays by prolonged exposure. Thus, 
the work of days with any other apparatus becomes the work of hours 
with this. Furthermore, each plate is to scale, an inch on any one of 
the strips reiDresenting exactly so much difference of wave-length.” ^ 

O'verlapping of Spectra. — When white light is diffracted at 
a grating, the wave-lengths X, Xj, Xj, . . . which are diffracted in 
a direction making an angle 6 with the normal, are given by the 
equation — 

{a + 6) sin 9 = nK = {n - i)Ai = (?« - = (;^ - 3)^3 = . . . = i x A„, 

where X is supposed to be a violet line in the nth spectrum, and 
^1) ^2) ■ • • longer wave-lengths corresponding to spectra of 
lower orders. Thus — 

A^ = «A/(« - l), Ag = wA/(ra - 2), . . . 

The visible spectra of the ist and 2nd orders do not overlap 
each other ; the shortest wave-length in the ist order spec- 
trum which would overlap the violet line X in the 2nd order 

1 H. A. Rowland, Phil. Mag,, p. 197, September, 1883. 
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spectrum is given Ijy Xj = 2X, and since the visible spectrum 
comprises slightly less than an octave, Xj would be an infra-red 
wave-length. The line X^ = 3X/2 in the 2nd order spectrum 
overlaps the line X in the 3rd order spectrum ; if X is a line in 
the violet (say 4,000), then Xj will be a line in the orange (6,000), 
so that the orange of the 2nd order spectrum overlaps the violet 
of the 3rd order spectrum. This overlapping becomes more and 
more noticeable as the order of spectra increases. 

If we examine the spectra, not only for visible radiations, but 
also for the infra-red and ultra-violet rays, no spectrum will be 
free from overlapping. The infra-red wave-lengths from the 
1st order spectrum, which lie between 8,000 and 16,000 tenth- 
metres, will bodily overlap the visible spectrum of the 2nd 
order. Thus, it is practically impossible to use a diffraction 
grating to analyse the infra-red solar spectrum. For this reason 
Langley used prisms in his classical researches (p. 344). We 
may, however, determine the wave-length of any particular part 
of the infra-red spectrum, if we can suppress all wave-lengths 
other, than that which we wish to measure. 

Wave-length of Infra-Red Rays. — Langley used a concave 
reflecting grating to calibrate his infra-red prismatic spectrum, 
after the following manner. Three arms, each equal in length 
to half the radius of ciu'vature of the grating, were pivoted at 
D (Fig. 248). One arm cai'ried the grating NL, a second arm 
carried a bolometer, w'hile the third arm carried a screen 
pierced with a narrow vertical slit. The invisible spectrum 
was caused to traverse the screen by rotating the prism ; the 
radiations at any instant falling on the slit were diffracted by the 
grating NL, and as the arm carrying the bolometer was rotated, 
the bolometer ti-aversed the circle KOM, and a deflection of the 
galvanometer occurred at each point where the diffracted waves 
reinforced each other. The wave-length was then calculated 
from the formula given on p. 461. 

To determine the wave-length of the residual rays after repeated 
reflections from rock-salt, sylvine, &c. (p. 384), Rubens used the arrange- 
ment represented in Fig. 251. Radiations from a heated Welsbach 
mantle, A, fell on a slit, jj, and were rendered parallel by reflection 
at a concave mirror, They then traversed a grating, made 
from silver wires, each o'i858 mm. in diameter, arranged parallel to 
each other at intervals of 0’i858 mm. The diffracted radiations fell 
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the vessel, thus increasing the delicacy of the pile. The pile comprised 
twenty elements, arranged in a line i8 mms. ling. The SS he 

pile were connected with a galvanometer so sensitive that retvatS 
a millionth of a degree Centigrade produced a deflection of i mm. 
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The niiinllc A, the slit .t,, the mirror Cj, :ind the grating were at 
first adjusted so that the central (direct) image was thrown on the slitr.j. 
A deflection of the galvanometer was then observed. On rotating the 
framework carrying A, -f], c,, and this deflection rapidly diminished, 
l)ut, after n certain rotation, was succeeded by another deflection, corre- 
.sponding to the first diffracted image formed by the residual rays on the 
pile. The wave-length was then calculated from the angles of incidence 
and diffraction of the radiations, and the known width of a grating 
interval. A screen, h, could be interposed to cut off the radiations from 
the grating. 

Difficulties in Ruling a G-rating. — The resolving power of a 
grating is, as we have seen, proportional to the product of the 
order of the spectrum observed, and the total numlser of lines in 
the grating. With a ruled grating the spectra of high orders are 
too faint to be utilised experimentally ; hence, in order to 
increase the resolving power of gratings, the general practice 
has been to rule as many lines as possible. Of course the 
resolving power can only be increased in this manner when the 
rulings are exactly similar, parallel, and equidistant, throughout 
the whole of the grating space. 

To rule a fine grating with a great number of equidistant lines 
is a matter of great difficulty. An automatic dividing engine, 
driven by clock-work, is used ; the ruling diamond point is 
advanced through a definite distance between each two rulings, 
by the aid of a cai'efully cut screw. Any imperfection in the 
screw will, of course, lead to irregularities in the grating ; and 
when a sufficiently accurate screw has been made, much time 
may be lost in selecting a suitable diamond point, and the latter 
may break down before a grating is finished. Under favoui-able 
conditions it takes five days and nights to rule a 6-inch grating- 
having 20,000 lines to the inch ; and duidng the whole of that 
time the temperature of the ruling engine must be kept constant 
to within a fraction of a degree Centigrade, or the expansion of 
the screw will lead to irregular ruling. Thus, it becomes 
apparent, that the resolving power obtainable by means of a 
ruled grating is limited by mechanical difficulties which it will 
always be hard to overcome. Few ruled gratings possess a 
resolving power as high as that calculated from (3), p. 457. 

X Michels on’s Echelon Grating. — Professor Michelson has 
invented an ingenious arrangement by which an enormous 
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Fig. 25a. 


-Michelson’s Echelon 
Grating. 


increase in resolving power may be obtained. His obiect was 
( _ (.on.stiuct a grating with which spectra of very high orders 
might be observed. To secure 
Ibis result, a number of exactly 
similar plates of glass are built 
U]) />/ echelon (or in steps) (Fig. 

252), all steps being equal fn 
width. Pai'allel light falls nor- 
mally on the largest plate, and 
traverses the system as indi- 
cated by the shading in Fig. 

252. I he light emerging at 
each step may be decomposed 
into wavelets, and each wave- 
let is equivalent to a number of 
radiating rays ; the rays from 
consecutive steps, which rein- 
force each other in any particular 
direction, form a bright band in 
the focal plane of a lens placed 
in front of the “ echelon.” 

Lot AB, CD (Fig. 253), be two consecutive steps of an echelon 
grating. Let AB - CD = while the thickness, BC, of each plate is 
equal to t. Light arrives at all points of AB 
in the same phase. Light also arrives at all 
points of CD in the same phase, but this phase 
generally differs from that corresponding to 
AB, since, after passing the plane AB, the 
light has to traverse a thickness t of glass 
Let ^ be the refrakve 
mdex of the glass for waves of length A. 
Then, for these weaves, a distance t in glass 
jj. equivalent to a distance in air. 

Let^ AE, CF , be i^arallel rays from corre- 
sponding points in the steps AB and CD. 
Draw CG perpendicular to these rays. Then, 
before reaching the plane of which CG is the^ 
trace, the ray from C has traversed the distance 
BC in glass, while that from A has traversed the distance' AG in air. 
Draw BII parallel to AE, and draw AK perpendicular to BH. Then^ 
if ^ CBH = 0, AG = KL = BL-BK = BC cos CBL-AB cos ABIC 

H H 2 



Fig. 253. — Theory of the 
Echelon Grating. 
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= icosd - a .sin 0 . Thus, in order that the rays AE and CF shall 
be in the same phase on reaching the plane CC, the difference in 
the paths of these rays, after passing through the plane AB, must be 
equal to an integral number of wave-lengths ; or — 

/jLi - (( cos 0 - sin 0) = n\. 

When the rays AE and CF are in the same phase in the plane GC, 
any two rays parallel to AE and CF, from corresponding points in the 
steps AB and CD, will be in the .same phase in the plane GC. If all 
rays from the steps fall on a lens, those which make an angle 0 with 
BC will reinforce each other at a point in the focal plane of the lens. 
Thus, the above equation gives the condition for a bright band to be 
formed by the rays diffracted from all the steps (Fig. 252) at an angle 0. 

When 0 is small, cos 0 = l, and sin0 = 0 (approximately). In this 
case we have — 

(ju - l)( 4- a0 = nK (l) 

Echelon gratings have been made with thirty steps, each glass plate 
being7'8mms. in thickness, the width («) of a step being equal to 
I mm. To determine the general order of the spectra formed, put 
0 = 0 in (i), while A = 0'6 x io“® mm. (roughly the wave-length of 
the D lines). Then, if = i’6— 

n = P ^ ^ = 7'8 X 10^ = 8,000 (roughly), 

o'o X 10 " 

Thus, with this instrument, the spectra observed are of the 8,000th 
order. The resolving power of the instrument (p. 457) is roughly 
equal to — 

A 30 X 8,000 

— = = 120,000. 

ffA 2 

. •. ffA = A/l '2 X lo\ 

Writing A = o’6 x io~* mm,, we find that wave-lengths differing by 
ffA could be resolved, where — 

ffA = o’6 X io~^/(i'2 X 10-’) = 5 X 10 -“mm. 

Remembering that the D lines differ by 6 tenth-metres, or 6 x 10 ~ ^ mm. , 
we see that the echelon grating is capable of resolving lines differing by 
less than a hundredth part of the difference between the D lines. Such 
a result could scarcely be attained by the best ruled grating procurable, 
owing to unavoidable irregularities in the ruling. 

The echelon grating is of no use for the analysis of sunlight 
and similar purposes, The high order of the spectra observed 
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makes overlapping inevitable. It is only used for exarninin- 
partitu ai lines to see whether they are doublets, triplets, &c. 

he collimator and telescope of a spectrometer are adjusted in 
the usual manner, and the echelon is mounted on the central 
table, the end plate being perpendicular to the axis of the 
col imator. Light from a vacuum tube is analysed by a prism, 
and one of the lines is thrown on the slit of the echelon spec- 
trometer. The diffracted images are then observed by the 
telescope. In this manner the red hydrogen line, 6563, has 
been observed to be double, as predicted by Michelson (p.421) ; 
the difference in wave-length between the components amounts 
to 1*4 X 10-8 mm. 


1 he plates used in making an echelon gratingmust be exactly 
equal in thickness, and their faces must be truly parallel. 
1 o secure this result, they are cut from a single plate, the faces 
of the latter having been ground parallel. Before being cut, the 
plate is placed in the path of one of the interfering pencils of 
a Michelson’s Interferometer (p. 418); any irregularity in the 
surfaces of the plate produces a distortion of the interference 
fringes. 
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Questions on Chapter XVII 

1. Light from a luminous point casts a shadow of a straight edge. 
Describe and explain the fringes seen near the edge of the shadow. 
(A. 1S91 and 1894.) 

2. Light is diffracted by a narrow rectangular obstacle : show how to 
determine the position of maxima and minima of brightness in the 
neighbourhood of the edge of the geometrical shadow. (IT. 1896.) 

3. The photograph of the shadow of a very small circular disc, when 
enlarged, is found to have a bright spot in the centre. Explain this. 
(A. 1895.) 

4. Light issuing through a narrow vertical slit is received by a lens 
after passing a fine vertical wire. What appearances will be presented, 
and how may they be explained and demonstrated ? (A. 1901.) 

5. Homogeneous light from a point-source falls upon a convex lens. 
Show, by general reasoning, that at the geometrical focus there will be 
a central bright spot surrounded by dark and bright rings, and show that 
the area of the central bright spot will be smaller the greater the 
aperture of the lens, (Lond. B.Sc. Hons. 1895.) 
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6. Describe the method of producing a diffraction si)cctruin. ICxplain 
what is meant Iry diffraction spectra of different orders, and stale liy 
what consideiations you would l)e guided in selecting for olrservation 
the spectrum of a particular order. (A. 1898.) 

7. Explain the action of a didraction grating, and prove the formula 
which, connects the wave-length of the diffracted liglit, its deviation, 
and I lie distance between the lines of the grating. (A. 1897.) 

8. A beam of white light proceeding from a narrow slit is thrown, by 
means of a lens, on to a .screen. Explain the appearance which would 
be produced by placing a diffraction grating between the lens and tlie 
.screen, in the patli of the beam. (A. 1889.) 

9. Give an account of the method of using a diffraction grating, and 

explain how the spectrum produced differs from a irrismatic snectrum. 
(A. iSy6.) ^ 

10. Describe fully the method of determining the wave-length of 
light by means of the diffraction .spectrum. (A. 1893.) 

11. Describe, and give the theory of, the method of determining the 

wave-length of light, by means of two slits and a diffraction grating. 
(II., L, 1898.) ^ 

12. Fine parallel lines are ruled closely at regular intervals on a glass 
plate j explain precisely why and where spectra are formed when the 
plate is illumined by a beam of light coming through a lens from a slit 
arranged parallel to the ruled lines. Explain the effect on these spectra, 
of the closeness of the ruling, and the breadth of the ruled space. (A. 

13. A diffraction grating is formed on a spherical surface, and a slit 
—parallel to the lines of the grating-is placed at the centre of the 
sphere. Show that the .spectra formed lie on a circle passing through 
the centre of the grating, and the centre of the sphere. How is this 
anangement realised in practice so as to photograph the spectrum ? 
(IT. 1897.) 

14. How is the resolving power of a diflraction grating defined, and 
how may it be calculated and tested in any given case? (H., II., 1901.) 

Practical 

1. Deteimine the wave-length of the red lithium line by means of 
the given diffraction grating. (Lond. E.Sc. Pass, 1897.) 

2. Determine the number of lines per centimetre in the ruling of the 
given diffraction grating. (Lond. B.Sc. Lions. 1899.) 


CHAPTER XVIII 


POLARISATION AND DOUBLE REFRACTION 

Polarisation by Reflection— We have seen that, after being 
transmitted through a tourmaline crystal, light exhibits an 
absence of symmetry about the axis of the ray (p. 324) > it 
be transmitted by a second tourmaline crystal if the axes of 
the two crystals are parallel, but it is intercepted by the second 
crystal when the axes are perpendicular to each other. This 
result leads to the conclusion that light consists of waves 
in which the displacements are transverse to the direction of 
propagation. After traversing the first tourmaline crystal, the 
displacement in the transmitted waves is confined to a single 
direction, and the light is said to be polarised. ^ Thus, tourmaline 
possesses the property of transmitting waves in which the dis- 
placements are parallel to a certain direction, and inteicepting 
waves in Avhich the displacements are perpendicular to that 

direction. 1 i i 

Light may also be polarised more or less completely by 

reflection, at an appropriate angle, from the surface of a trans- 
parent medium. We can, of course, detect the presence of 
polarisation in the reflected light by allowing it to traverse a 
tourmaline crystal before reaching the eye : if a rotation of the 
tourmaline, about the ray as axis, produces any change in the 
brightness of the transmitted light, partial polarisation has been 
produced ; if the tourmaline in any position extinguishes the 
light, the latter must have been completely polarised. 

ExPT. 76.— Observe the light, reflected from the surface or water, 
glass, glazed earthenware, &c., through a single tourmaline crystal, as 
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tlie latter IS rotiiled about the line of vision. More or less variation 
in the brightness of tlie transniittecl light occurs as the crystal is 
rotated. 

^ When light is reflected from a plane .surface, tlie incident and 
leflected rays, together with the normal to the surface, lie in a sinirle 
plane, termed the Plane^of Incidence. The angle which the incident ray 
makes with the nonnal to the surface is termed the Angle of Incidence. 
Now, hght-waves m which the displacements are perpendicular to the 
plane ol incidence, will be reflected under different conditions from 
those in which the drsplacements are in the plane of incidence. In 
the first case, the wave displacements, being perpendicular to the plane 
of incidence, must be perpendicular to the normal to the surface and 
therefore to the surface, whatever the angle of incidence may be. 
In the second case, the wave displacements, being perpendicular to the 
incident ray mid in the plane of incidence, will make anrles 

with the surjacc as the angle of incidence is varied. There is then a 
certain amount of a priori probability that light-waves, in which the 
displacements are perpendicular to the plane of incidence, will be 
reflected for all angles of incidence ; while there may be a certain 
angle of incidence for which the waves, coiniirising displacements 
only in the plane of incidence, will be transmitted without mvinu 
rise to a reflected ray. If these conjectures are correct, we should 
find that, foi a certain angle of incidence, no light can be reflected 
except that m which the wave displacements are perpendicular to 
the plane of _ incidence; while for the same angle of incidence the 
transmitted light contains all incident waves in which the displace- 
ments are in the plane of inddence, together with a certain proportion 
of the waves in which the displacements are perpendicular to the plane 
of incidence. Thus, the reflected light would be completely polarised 
while the transmitted light would be partially polarised. ’ 

Examination of the light reflected from a sheet of black glass 
shows that for a certain angle of incidence, the reflected rays 
are almost entirely extinguished by a tourmaline crystal with its 
axis in a ceitain direction : in other words, the light reflected 
from glass, at a particular angle, is polarised. The object of 
using black glass is merely to absorb the rays which, in the 
case of clear glass, wouM be internally reflected from the’ second 
surface. The light is polarised by reflection at the surface 
of the glass ; the polarisation is detected, or the reflected 
light is analysed, by means of the tourmaline crystal. But a 
second sheet of black glass may be used to analyse the reflected 
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light. If wc arrange two sheets of glass so that both are 

K dirfirT i-eflected vertically 

c hi St plate, falls on the second plate, the angles of 

iToTh nhuerf inclinations of 

oth plates to the horizon constant, we can rotate the second 
plate about a vertical axis, until 
its normal lies in a plane per- 
pendicular to the plane of in- 
cidence with respect to the first 
plate. ^ In this case, supposing 
the displacements in the ray 
leflected from the first plate to 
be pei'pendicular to the plane of 
incidence, these displacements 
will be in the plane of incidence 
of the ray on the second plate, 
find so will not be reflected from 
the latter. Fig. 254 represents 
^ piece of apparatus by means 
which these conclusions may 
3e tested. is a glass mirror 
vhich can be rotated about 
t horizontal axis. Above this 
s placed a black glass mirror, ■ 
which can also be rotated 
■bout a horizontal axis. The 
upports carrying' are fixed 
3 an annulus of metal which 
an rotate about a vertical axis, 
ver a circular scale graduated 

1 degrees. When Aj and Aj 
re ecjually inclined to the 
ai'izon, the light reflected from 

2 varies in brightness as the 



Fig. 254. — Biot’s Polariscope. 


amework carrying Aj is rotated about a vertical axis. The 
■ightness is greatest when the normals to Aj and Ag lie in 
e same plane ; when the normals to A^ and Ag lie in per- 
indicular planes, the brightness of the reflected light is 
1st. The variation which occurs' in the brightiiess of the 
:ht reflected from Aj is found to depend on the angle of 
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incidence. If the latter is equal to 57^, no light is redected 
from A2 when the normals to and are in vertical planes 
perpendicular to each other; thus, for this angle of incidence, 
light is almost completely polarised by reflection at a glass 
surface. 

The above experiment proves that when light is incident at an 
angle of 57 ^“ on a glass surface, the reflected light consists of waves 
in which the displacements are confined to a certain definite direction 
at right angles to the ray. No information is obtained, however, 
as to whether the displacements are in, or perjiendicular to, the 
plane of incidence : this point must be investigated by other 
methods. In order to avoid any assumption in this respect, we 
I may say that the light reflected from glass at 67 .^° is polarised 
in the plane of incidence. The transmitted light comprises that 
1 paitofthe incident light which is not reflected from the surface, 
and thus has a deficiency of waves polarised in the plane of 
incidence, or an excess of waves polarised perpendicular to the 
plane of incidence assuming that the incident light consists of 
numeious waves in which the transverse displacements make all 
^jDossible angles with the plane of incidence. 

Plane of Polarisation. — Let a ray of light, polarised by 
tmnsmission through a toui-maline crystal, be incident on a plate 
of black glass at an angle of As the tourmaline is rotated 
through four right angles about the ray as axis, the light reflected 
from the glass twice acquires maximum brightness and is twice 
extinguished. When the light transmitted by the tourmaline is 
most plentifully reflected from the glass, it must be polarised in 
the jDlane of incidence. We thus 
determine the plane in which the 
light transmitted by the tourmaline 
is polarised ; this plane' is termed 
the Plane of Polarisation. Experi- 
ment shows that the plane of 
polarisation of tourmaline is per- 
pendicular to the axis of the crystal. 

Brewster’s Law.— The polari- 
sation of light by reflection from 
glass was discovered by Malus in 
1 o About 1811, Sir David Brewster commenced a series of 
experiments with regard to the polarisation of light by reflection 



Fig. 255. — Illustrates Brewster’s 
Law. 
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at the surfaces of various media. He found that light is almost 
completely polarised in the plane of incidence when reflected 
from a transparent medium at a particular angle, termed the 
Angle of Polarisation. This angle varies from one medium to 
another. His researches led to the remarkable law that the 
tangent of the angle of polarisation is numerically eq,ual to the index 
of refraction of the reflecting medium. Thus, in order that light 
should be polarised by reflection at the surface of a medium 
of refractive index /x, the angle of incidence, f, must satisfy 
the equation — 

tan i = /t. 

In this case it can easily be shown that the reflected and refracted 
rays are at right angles. For, since sin f/sin r = /x, we have — 


tan i = sin z'/cos i =fi = sin t'/sin r. 


. ' . cos i = sm r = cos 


. • . j = - - r, and f + r = 90 


A glance at Fig. 255 will show- that this relation can only be 
satisfied when the reflected and refracted rays are at right angles. ^ 

Brewster’s Law applies^ to reflection, not only at a denser, but 
also at a rarer, medium. It can now be proved that if light is 
incident at the polarising angle on the upper surface of a sheet of 
glass, the refracted ray will he incident at the polarising angle 
on the lower surface of the glass. Let i and r be the angles of 
incidence and refraction at the upper surface j then r and t will be the 
angles of incidence and refraction at the lower surface, and — 

. ... I 

sin r/sin 1 — 

' M 

while — 

sin r sin f l _ l 

^ cosr cos r f). jj-' 


since i is the angle of polarisation at the first surface, and therefore 
sin i — cos r. 

Thus, the light reflected from both the upper and lower surfaces of a 
sheet of glass will be polarised in the plane of incidence, if the light is 
incident on the upper surface at the polarising angle. 

Since the refractive index of a substance varies with the wave-length 
of the incident light, it follows that a substance will possess different 
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angles of polarisation with respect to the different components of white 
light, and polarisation can only be complete for one particular wave- 
length at a time. 

M. Jamin has found that, in practice, only a few substances, of 
lefi active index about 1 '46, polarise light by reflection. As 

the angle of incidence of the light increases, from o to Tr/2, the proportion 
of polarised light in the reflected ray at first increa.ses, then reaches a 
maximum, and finally decreases. An experiment performed by Lord 
.Rayleigh appears to explain this. In ordinary circumstances light is not 
completely polarised by reflection from water. It is known, however, 
from surface tension experiments, that the .surface of water is very 
easily contaminated. lo determine whether this surface contamination! 
affects the degree of polarisation at the polarising angle. Lord Rayleigh 
caused a stieam of air to blow along the surface of water contained in a 
long metal trough, so that all impurities were blown up to one end, and 
then confined there by a partition let down into the water. It was 
then found that light of any particular wave-length is completely 
polarised by reflection at the uncontaminated water surface, the 
angle of polari.sation being that given by Brewster’s Law. Thus, it is 
probable that the incomplete polarisation of light when reflected from 
the surfaces of many substances at the angles given by Brewster’s I.aw, is 
due to unavoidable imperfections in the polish of the surfaces. Sir G. 
Conroy has found that the optical properties of a glass surface change 
rapidly during the first few days after the final polishing. 

of Plaites. Only a small fraction of the incident light 
is leflected from the surface of glass, or any similar transparent 
mediurn, so that the light reflected at the polarising angle is 
very faint. ^ This defect may be overcome by reflecting light 
at the polarising angle from a pile of glass plates laid one upon 
another. At each succeeding plate the reflected light is enriched 
m waves pokrised in the plane of incidence, and the transmitted 
ight IS left with fewer of these waves, so that, with a reasonable 
number of plates, the reflected light contains practically all of 
t re incident waves polarised in the plane of incidence, and the 
transmitted light contains the rest of the waves, which are 
poki ised perpendicularly to the plane of incidence. The curves 

cr drawn from data published by 

bir G; Stokes, show the percentage of the incident light,, 
in the plane of incidence, which is reflected, and also' 
of that which i^ transmitted, by piles comprising different 
numbers of plates. It will be seen that 90 per cent, of the 


XVIIl 


POLARISATION AND DOUBLE REFRACTION 477 


incident light polarised in the plane of incidence is reflected 
from a pile of about 24 plates, the remaining 10 per cent, 
being transmitted; a further increase in the number of plates 


does not entail a propor- 
tional advantage. 

Thus, a pile of glass plates 
affords us a ready and fairly effi- 
cient means of polarising or 
analysing light. Lanterns for 
optical projection are frequently 
fitted with an elbow tube in 
which the light is polarised by 
reflection at a pile of glass 
plates. 

Expt. 77. — Obtain a number 
of microscope cover-slips, and 



support these wdthin a card- 
board tube of suitable size, so 
that they are inclined at an 


Fig. 256.— Percentage of light, polarised 
in the Plane of Incidence, reflected 
and transmitted by Piles of Plates. 


angle of about 33° to the axis 

of the tube. A cork bored with a hole of about J inch diameter, and 


then cut with a sharp knife at an angle of 33° with the axis, may be 
used to clamp the cover-slips in position. About 16 to 24 cover-slips 
should be used. Light travelling in the direction of the axis of the 
tube will fall on the plates at the polarising angle, and the transmitted 
light will be polarised perpendicularly to the plane of incidence. With 
this simple appliance many interesting experiments can be performed. 


Absolute Direction of Displacement in Polarised Light.— 

We have seen (p. 472) that with regard to transverse waves re- 
flected from a transparent medium, we might reasonably expect 
a variation in the angle of incidence to produce the greatest 
effect when the wave displacements are in the plane of inci- 
dence. Hence, we anticipated that light polarised in the plane 
of incidence (which is reflected at all angles from a transparent 
surface) consists of waves in which the displacements are 
perpendicular to the plane of incidence, and thus always parallel 
to the surface. On the other hand, the waves which are entirely 
transmitted at the polarising angle may be^ conjectured to 
comprise only displacements in the plane of incidence. It is 
not safe, however, to lay much stress on such general con- 
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sic eiations ; as vve shall see in the next chapter that the results 
■0 be anticipated from strict reasoning depend on the mechanical 
theory of wave propagation which we adopt. At present we 
shall merely consider the experimental evidence as to the 
direction of displacement in polarised light. The earliest 
evidence m this connectioimvas obtained by Sir G. Stokes from 
experiments on the diffraction of polarised light. As his 
conclusions agree with those arrived at by later experimenters, 
who used methods more easily explained, and less subject to 
error Lorn mechanical causes, these later methods alone will be 
described. 

soattedns: of Light by SmaU Particles. --As we hare seen 
(P- 370), ether waves tend to set the ultimate constituent particles 
o- matter in a state of vibration. When the period of the 
waves is very long, there is no appreciable relative displacement 
between the ether and the material particles ; the latter follow the 
wave displacements just as a cork rises and falls on the smooth 
rolling waves of the open sea. With waves of very quick periods 
the case is different. _ There is here very little absolute dis- 
placement of the material particles ; before an impulse, let us say 
from the crest of a wave, has had time to appreciably displace 
a particle, an impulse from the trough of the waive tends to dis- 
p ace It in the opposite direction, and thus the particle remains 
at lest. As a consequence, there is a considerable relative 
displacement between the ether and the material particles. The 
actual reaction exerted by the stationary particles on the undu- 
lating ether is the same as if the ether were at rest, and the 
lelaPve displacement were produced by a periodic motion of the 
paiticle pmnllel to the direction of wave displacement. 

Let A (Fig. 257) be the position of a material particle in the 
path of transverse ether waves. The particle may be con- 
sidered to possess no free period, and to be perfectly free to 
move in any direction under an impulse from the passing waves. 

may consist of a number of molecules, and may, for instance, 
oe a very sma lop of water. If the wave displacements are 
in the plane of the paper and perpendicular to the. horizontal 
-11 ntive displacements between the particle and the 
e lerwi e m the line DE. To determine the effect produced, 
we may suppose that the ether is at rest, and the material particle 
vibrates, m a period equal to that of the waves, in the line DE. 
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This vibration will produce waves in the ether. If we consider 
a spherical wave surface, spreading out from A as centre, it is 
obvious that the displacement will be equal to zero at the points 
G and K, in a line with the direction of vibration of the particle ; 


at these points, the only dis- 
placement which could be 
produced would be longitu- 
dinal ; i.e. normal to the wave 
surface, or in the direction 
AG and AK, and the evi- 
dence at our disposal shows 
that the ether is incapable 
of transmitting longitudinal 
waves. The displacement 
will be a maximum at H and 
F, and here the displace- 
ment is parallel to the direc- 



Fig. 257.— Scatlering of Light by a Small 
Particle. 


tion of vibration of the par- 
ticle, or to the direction of the displacement in the primary 
waves. Draw a plane through FH perpendicular to the 
plane of the paper. At all points where this plane cuts the 
spherical surface FGHK, the displacement will be equal and 
parallel to that at F or H. The spherical wave surface, of which 
FGHK is the section, is due to the scattering of the primary 


wave by the small particle at A. 


Let a and a! be the respective amplitudes of the primary and scattered 
waves. It is possible, by a simple method due to Loid Rayleigh, to 
determine the manner in which the ratio a' [a varies with the length, of 
the primary waves. The ratio a! ja is, of course, a mere number, and 
cannot therefore depend on the primary units of length, mass, and 
time ; in other words, a'ja possesses no dimensions. Now the physical 
magnitudes involved in the problem are 

(1) The wave velocity, V. 

(2) The volume, v, of the particle, which depends on the cube of the 
linear dimensions of the latter. 

(3) The respective densities, p' and p, of the particle and the ether. 

(4) The distance, r, from the particle, to which the wave has travelled. 

(5) The wave-length, of the j^rimary wave, which is equal to that 
of the scattered wave, since the periods of both are equal. 

Now V is the only magnitude involving the unit of time, so that if V 
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occurred in the value of a' fa, the unit of time would be involved. The 
above ratio does not, therefore, depend on V. Since the unit of mass is 
not involved, p' and p can only occur in the form of a ratio (p'/p), which 
is a mere number, and need not be considered. We are now left with 
V, r, and A, on which quantities the ratio a'ja must depend. The 
amplitude of a spherical wave varies inversely as its distance from the 
point of origin (p. 276) ; thus a'ja oc ijr. It is obvious that the ampli- 
tude of the wave, for a given displacement of the particle, will be 
directly proportional to v, the volume of the particle. Thus a'ja oc vjr. 
But vjr consists of a quantity involving the cube of a length, divided 
by a length ; its dimensions therefore involve the square of a length. 
In order to get rid of the length dimensions we must divide by a 
length squared, and the only remaining length at our disposal is A. 
Thus, finally — 

In words, for a given amplitude of the primary wave, the ampli- 
tude of the scattered wave varies inversely as the square of the 
wave-length, and the intensity of the scattered light varies inversely 
as the fourth power of the wave-length. 

The student should be careful to realise the difference between 
the reflection and the scattering of light. A reflected wave is 
formed by the reinforcement of wavelets, generated at neigh- 
bouring points of a surface on which the primary wave is 
incident. The surface must therefore have dimensions at least 
comparable with the wave-length of light. When light is 
scattered, only a single wavelet is formed, the particle at which 
scattering occurs being small in comparison with a wave-length 
of light, and the ordinary laws of reflection are not obeyed. 

Let us now consider a parallel pencil of white light, travelling 
horizontally from south to north, through air in which fine 
particles are suspended. To fix our ideas, the fine particles 
may be supposed to be due to smoke such as that from a 
cigarette ; the light will be considered to be polarised in such a 
manner that its vibrations are vertical. The scattered light will 
consist mostly of blue and violet rays, since the intensity varies 
inversely as the fourth power of the wave-length. Consequently, 
on looking sidervays (say in an east to west direction) at thguy 
pencil, the path of the light will be seen by means of the blu^ 
light scattered from the particles. Thus, the blue colour of thin 
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smoke, or weak milk and water, is explained. But no light will 
be propagated in a vertical direction from the particles, since 
the displacements in the primary wave are vertical, and therefore 
cannot give rise to horizontal displacements, which alone could 
be propagated vertically. Thus, the path of the light will be 
invisible when looked at from above or below. 

Tyndall found that these phenomena are actually observed 
when polarised light passes through a glass tube containing fine 
particles in suspension. He allowed air to bubble through 
nitrite of butyl, and then to pass into an exhausted tube. A 
small amount of air, which had bubbled through hydrochloric 
acid, was then allowed to enter the tube till the pressure rose to 
a little more than half an inch of mercury. On allowing light 
from an arc lamp to traverse the tube, the path of the beam 
became gradually luminous, acquiring a beautiful azure tint, I | 
which in time nmrgecl_ into_white. The action of the light I | 
provoked a chemical reaction between the butyl nitrite and the ^ 
hydrochloric acid, and a cloud was formed, of which the 
constituent particles slowly increased in size ; when of suitable 
size, the violet and blue rays were scattered, giving the azure 
coloration to the path of the beam. When the tube was 
horizontal, and the light was polarised in a horizontal plane 
(p. 474) before entering it, the path of the beam was found to be 
invisible when viewed from above or below, but was brightly 
luminous, when viewed horizontally. The displacements in the 
incident polarised light must, then, have been vertical, since 
no light was scattered in a vertical direction ; and thus we see 
that light polarised in a horizontal plane comprises wave dis- 
placements executed only in a vertical direction, or the direction 
of displacement is perpendicular to the plane of polarisation, On 
examining the light scattered in a horizontal direction, it was 
found to be polarised in a hoinzoiital plane, as we might 
anticipate from theory. 

Professor Tyndall, to whom we are indebted for the above 
beautiful experiment, was unable to explain it on the wave 
theory ; the explanation given above was subsequently furnished 
by Lord Rayleigh. 

The Blue of the Sky. — Newton considered that the blue of 
4he sky might be produced by the interference of light reflected 
from small transparent particles suspended in the atmosphere. 
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It was subsequently proved that a blue coloration could only be 
produced if the light passed through thin transparent .sheets^ 
and even then the tint of the blue would be different from that 
of the sky. Brewster found that the light from the sky is 
polarised, and Tyndall suggested that the coloration is due to the 
scattering of light from very small water particles suspended in 
the upper atmosphere. There is now little doubt that the blue 
of the sky is derived from scattered light, but the particular 
substance which produces the scattering has not been de- 
termined. Lord Rayleigh considers that a good case could be 
made out for fine particles of common salt, or even for the 
oxygen in the atmosphere. 

The blue tint of a distant niLst, or of Ihe smoke from a wood fire, 
must have attracted every one’s attention. Some rivers have an in- 
tensely blue colour, clue to finely divided particles of chalk held in 
suspension by the water. It must be remembered that when a wave 
is scattered at a particle, the energy of the scattered wave is derived 
from the primary wave, and after a sufficient amount of scattering 
the primary wave will be extingui.shed. Thus, a ray of sun- 
light, which has travelled a sufficient distance through the atmosphere, 
will be partially or wholly robbed of the blue and violet rays, and 
the remaining light will be of a yellow or red colour. This accounts 
for the colour of the clouds at sunset or sunrise, and the beautiful 
tints of snow-clad mountains at the.se periods. 

Wiener’s Experiment. — We have seen (p. 433) that when 
light is reflected normally at a perfectly reflecting surface, the 
waves approaching and receding from the surface combine to 
form stationary undulations. In certain circumstances similar 
results are obtained rvhen light is reflected obliquely from a 
polished surface. Let AB (Fig. 258) be the section of a polished 
silver surface perpendicular to the plane of the paper. Let CD 
be the section of one of a number of parallel plane wave fronts, 
also perpendicular to the plane of -the paper, incident at an angle 
of 45 on AB. The reflected wave front, CE, derived from CD, 
will also be inclined at 45° to AB ; and if CD represents a wave 
crest, and a phase change equal to tt occurs at reflection, CE 
will represent a wave trough. In Fig. 258, wave crests are 
represented by continuous lines, and wave troughs by broken 
lines. Each incident wave fi-ont, as it travels along AB, gives 
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rise to a reflected wave front differing from it in phase by tt, 
and the space above the reflecting surface will be occupied by 
the two sets of waves as shown in Fig. 258. At the points marked 
by small circles, a crest of an incident wave is superposed on 
a trough of a reflected wave, or vice versd. These points lie in 
straight lines parallel to AB, and correspond to planes parallel to 
the reflecting surface. The superposition of a crest on a trough 
will produce zero displacement, if the displacements in the two 
waves are in the same straight line. Now, if the displacements 
in the incident and reflected waves are perpendicular to the plane 
of incidence {i.e. per- 
pendicular to the plane 
of the paper), this 
condition will be ful- 
filled. If, on the other, 
hand, the displace- 
ments are in the plane 
of incidence, the inci- 
dent wave displace- 
ments will be parallel 
to CD, and the reflected wave displacements will be parallel 
to CE, so that at a point whei'e a crest and a trough are 
superposed, the resultant disirlacement will be due to two 
component displacements at right angles to each other, and 
interference will not occur. If, then, the displacements are 
perpendicular to the plane of incidence, a number of equi- 
distant nodal planes will be formed parallel to the surface ; 
between two consecutive nodal planes will be a region of 
maximum disturbance, where crests are superposed on crests, 
and troughs on troughs. If the displacements are in the plane 
of incidence, no interference will occur, and no nodal planes will 
be formed. The perpendicular distance between consecutive 
nodal planes is equal to X/V2, and is therefore very small. 
An imaginary plane inclined at a very small angle to the 
reflecting surface will cut the nodal planes in parallel straight 
lines, and by diminishing the angle of inclination of the cutting 
plane, the distance between consecutive lines of intersection 
can be made as large as we please. 

We have already seen that silver salts are not decomposed in 
nodal planes (p. 424). This circumstance was utilised by Wiener 
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to determine the conditions under which nodal planes are 
formed. He obtained a perfectly transparent film of silver 
chloride in collodion, on a sheet of glass. The thickness of the 
film was not more than a thirtieth part of a wave-length of light. 
Polarised light was reflected at an angle of 45' from a plane 
polished silver mirror, and the collodion film was placed in front 
of the mirror, being inclined to the latter at a little less than 
four minutes of arc. When the light was polarised in the plane 
of incidence, it was found that, after development, the photo- 
graphic film was crossed by equidistant dark bands, separated 
by transparent spaces. The transparent spaces, in which the 
silver salts had been unacted upon, corresponded to the inter- 
sections of the nodal planes. When the light was polarised 
perpendicular to the plane of incidence, the film was unifoi'mlv 
blackenecl. Thus, nodal planes were formed only when the lifdrt 
was polarised in the plane of incidence ; and since theory shows 
that nodal plaires can be formed only when the displacements 
are perpendicular to the plane of incidence, it follows that the 
displacements in polarised light are perpendicular to the plane of 
polarisation, the result previously deduced by Lor-d Rayleigh 
fi-om Tyndall’s e.'cperiments. ® 


Wiener also proved that a phase change amounting to ,r occurs 
when light IS reflected from a denser medium. A photographic film 
such as above described was placed in contact with the convex 
surface of a lens, and light was allowed to fall normally on the film 
through the glass plate on which it was supported. Since the film was 
very thin m comparison with a wave-length of light, a black spot sur- 
rounded the point of contact between film and lens. On developing the 
film, a circular clear space was found to surround the point of contact 
thus showing that a node was formed at that point. This proves that a 
phase change amounting to x occurs when the light, travelling through 
the film, is reflected at the optically denser glass (p. 283). 


Eesolution of Displacements. -It now becomes clear that the waves 
reflected at the polarising angle from a transparent surface are char- 
acterised by displacements perpendicular to the plane of incidence 
or parallel to the surface of the glass. Waves in which the displace- 
ments are in the plane of incidence, and so, as it were, cut into the 
glass, are wholly^ transmitted when incident at the polarising angle. 
Any wave front will, of course, cut the plane of incidence in a straight 
line. If the direction of displacement in the wave front makes an angle, 
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0, with this line, and a is the amplitude of the wave, then the latter may 
be resolved into a wave of amplitude a cos Q, vibrating in the plane of 
incidence, and another of amplitude a sin 0, vibrating perpendicular to 
the plane of incidence. The former wave will be entirely transmitted 
when incident at the polarising angle, and the latter will be partly re- 
llecLed and partly transmitted. Thus, if we consider ordinary light to 
be characterised by vibrations performed indifferently in all directions in 
tlie wave front, it is plain that each vibration may be resolved in, and 
perpendicular to, the plane of incidence, and the components vibrating 
in the plane of incidence are entirely transmitted when the angle of 
incidence is equal to the polarising angle, so that the reflected light 
comprises only waves vibrating perpendicular to the plane of incidence. 

Double Refraction. — In 1669, a Danish philosopher, Erasmus 
Bartholinus, discovered that a ray of light, when incident on a 
crystal of calcite, is not refracted according to the ordinary law, 
but forms two refracted rays, one of which does not of necessity 
lie in the same plane as the incident ray and the normal to the 
refracting surface. 

Calcite (otherwise known as Iceland spar) is a transparent crystalline 
form of calcium carbonate, and was at one time found in great quanti- 
ties in Iceland. It crystallises in many forms, each of which may be 
reduced, by cleavage, to a rhombo- 
hedron, bounded by six similar 
jjarallelograms with angles equal to 
101° 55' and 78° 5' (Fig. 259). 

Two opposite solid angles, a and (>, 
are contained by three obtuse angles, 
while each of the remaining solid 
angles is contained by one obtuse 
and two acute angles. Let a line be 
drawn from either of the points a 
or 1), so as to be equally inclined to 
the three edges meeting there. This line, or any line drawn parallel to 
it, is termed the axis of the crystal. If the crystal is cleaved so that 
all of its edges are equal in length, the line joining the obtuse .solid 
angles a and b will give the direction of the axis. 

On looking through a crystal of calcite placed o\^er an 
illuminated pin-hole, two bright images are seen. If the eye 
is vertically above the crystal, and the latter is rotated, one 
image remains stationary, and is termed the ordinary image. 



Fig. 259. — Crystal of Calcite. 
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The second image is displaced from the first in a direction 
para lei to the shorter diagonal of the rhombic face through 
wiich It IS observed ; this image rotates with the crystal, and is 
termed the extraordinary image. ’ 

,i,!!r’ r' small crystal of calcite over an ink spot on a 

. Let of papei, and observe the two images formed, and the rotation of 
the extraordinary image with the crystal. 

Polarisation by Double Refraction.— When a crystal of 
tourmaline is laid over one of calcite, and an illuminated pin-hole 
IS viewed through the combination, it is found that for a certain 
position of the axis of the tourmaline, only the ordinary image 
formed by refraction through the calcite is seen. If the calcite 
crystal is kept stationary, and the tourmaline is rotated both 
linages come into view, the ordinary image at first being the 
brighter. When the tourmaline has been rotated through 4?= 
Doth images are equally bright ; with a further rotation the 
oidinaiy image gradually fades, and, when the tourmaline has 
been rotated through a_ right angle, only the extraordinary 
image is visible. But light which is transmitted through a 
tourmaline crystal in one position, and is intercepted when the 
tourmaline is rotated through a right angle, must be polarised. 
Consequently, the rays by which the ordinary and extraordinary 
images are seen must be polarised ; and since the extraordinary 
rays are intercepted by the tourmaline when the ordinary rays 
are most freely transmitted, and vice versd, it follows that the 
ordinary and extraordinary rays are polarised in perpendicular 
planes.^ In other words, the wave displacements in the 
e^h^otheT^^ are executed at right angles to 

an illuminated pin-hole through a calcite crystal 

■L^otation5'\h° Expt. 77, and notice that 

a rotation of the combination about the direction of vision makes no 

c iffeience, but a rotation of the cry.stal or the pile of plates produces 
the change.s described above. pi ounces 

The pokmsation of light by transmission through calcite was dis- 
coveied by Hiiygnens, soon after Bartholinus had published his discovery 
of double refmction. Hoyghens was, howevef unable to expkta 
polaiisalion, since he supposed light to consist of waves in whioh*^ the 
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displacements are longitudinal, or parallel to the direction of propaga- 
tion. It was not till Young and Fresnel introduced the idea of waves in 
which the displacements are transverse that an explanation of polarisa- 
tion was forthcoming. 

Refraction of Polarised Light by Calcite.— The polariscope 
represented in Fig. 254 (p* 473) furnished with a horizontal plate 
of glass, R, placed above the polarising mirror Aj. For the 
present we may suppose the mirror A.^ to be removed. If light 
is reflected at the polarising angle from A^, so as to pass verti- 
cally upward through a pin-hole in a sheet of tinfoil laid on R, 
and then through a crystal of calcite, the refraction of polarised 
light through the calcite may be studied. The direction of the 
axis of the crystal has already been defined. Imagine a plane, 
pei'pendicLilar to the parallel refracting surfaces of the ciystal, 
and passing through the axis or any parallel line. This plane 
is termed a principal plane of the crystal. The light reflected 
from Ai is polarised in the plane of incidence, or in the plane 
containing the lines ab^ bS. This plane is theiefore the plane 
of polarisation of the light. When the crystal is placed so that 
its principal plane is parallel to the plane of polarisation, it is 
found that only the ordinary image is seen on looking m 
the direction Sb. Consequently, the ordinary ray is polarised in 
the principal plane. If the crystal is rotated till its principal 
plane is perpendicular to the plane of polarisation, only the 
extraordinary image is seen. Consequently, the extraordinary 
ray is polarised perpendicularly to the principal plane. Since the 
direction of the displacement in polarised light is perpendicular 
to the plane of polarisation, it follows that light-waves, in which 
the displacements are parallel to the principal plane of the 
crystal, are transmitted along the extraordinary ray, and those 
in which the displacements are perpendicular to the principal 
plane are transmitted along the ordinary ray. To put this 
result in a slightly different form, the vibrations in the wave front 
of the extraordinary ray are executed in ^ 

transmitted ray and the axis of the crystal, _ while those in the wave 
ftont of the ordinary ray are executed at right angles to the plane 
containing the transmitted ray and the axis of the crystal. 

Law of Malus.— -Let us now suppose_ that, in the wave fiont 
of the incident polarised ray, the direction of vibi'ation makes 
an angle (9 with the principal plane of the calcite. Let a be the 
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.'uupliLuclc or the vibration in the wave front of the incident ray ; 
tlien the incident wave vibration is eciuivalent to a vibration of 
amplitude a cos d, performed parallel to the principal plane of 
the calcite, combined with a vibration of amplitude a sin 6, per- 
formed at right angles to the principal plane of the calcite. 
The vibration of amplitude a cos 6 is transmitted along the 
e.xti aoi dinai y i ay, and the intensity in this I'ay is proportional 
to a- cos^ e (p. 276). The vibration of amplitude a sin 6 is 
transmitted along the ordinary ray, and the intensity in this ray 
is in-o]5ortional to n-^ sin'-* 6. The sum of the intensities of the 
transmitted rays is therefore proportional to — 

a'-^(cos^ d + sin^ 9) = ; 

that is, the sum of the intensities of the transmitted rays is equal 
to the intensity of the incident ray. 

Unpolansed light may be supposed to consist oi waves in which the 
direction of displacement changes many times in a second. We can 
observe only the resultant efiects produced by the waves in intervals of 
time during which many changes occur ; in one of these intervals the 
direction of displacement in the incident unpolarised ray assumes all 
possible directions with respect to the principal iDlane of the calcite 
Consequently, the average energies (or intensities) of the ordinary and 
extraordinary rays are equal, and are together equivalent to the 
average energy of the incident ray.. Thus, if A„ and A,, are the 
effective amplitudes of the ordinary and extraordinary rays, and a is the 
eilective amplitude of the incident ray, we have 

Ao^ = A(.“ = a®/2. . ' . Ao = Ac = fl/ V 2 . 

Let us now suppose that two similar crystals of calcite are laid face to 
face, and a pin-hole, illuminated by unpolarised light, is viewed through 
the combination. When the two crystals are arranged with their principal 
p anes parallel, one ordinary and one extraordinary image is formed 
just as if a single crystal of the thickness of the two had been used. A 
small rotation of one of the crystals brings two extra images into view. 

« IS the effective amplitude of the incident unpolarised light, the 
e ective amplitudes of the ordinary and extraordinary rajxs, after traiis- 
/ mi.s.sion through the first crystal, are each equal to a! Let 9 lie the 
Ni inclination of the principal planes of the crystals. Then the extra- 
ordinary ray E transmitted by the first crystal gives rise to an extra- 
orcmaiy lay and an ordinary ray Eb, after transmission through the 
second cryslal. The amplitude of E^ is equal to (« cos 9)1 while 
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the iimplitude of Eg is equal to (asm 0)f /J 2 . The ordinary ray, O, trans- 
mitted by the first crystal, gives rise to an ordinary ray, Oo, and an 
extraordinary ray O^, after transmission_by the second crystal. The 
amplitude of O,, is equal to {a sin B)l fj 2 , and the amplitude of O^ is 
e(jual to {a cos 9)/ sj^- Ihus, unless 6 is equal to zero or some multiple 
df 7r/2, we sliall see four images, one pair being generally brighter 
thiin the other pair. T.he intensity of either of the four corresponding 
rays is proportional to the square of its amplitude. The following tabic 
renders the formation of these images clear : — 


Intensities of Incident and Tkansmitted Rays. 


Incident 

ray. 

Transmitted by 
first crystal. 

Transmitted by second 
crystal. 

Sum. 



'0 = . . 

/ 0„ = cos‘^ 6 . . 

lOc = la'"* siiF e • . 





.E = . . 

/E„ = ia® sin-^ 9 . . 

Ee = ^d^ cos^ 9 . . 


„ 


Calcite Out in any Direction.— We have, up to the present, 
supposed that light is transmitted through a natural crystal of 
calcite. Calcite may, however, be cut in the form of a parallel 
plate, the faces of which make any rec|uired angle with the axis 
of the crystal. Generally speaking, phenomena similar to the 
above are presented when light is transmitted normally through 
the plate. But when the plate is cut perpendicular to the optic 
axis, it is found that light is transmitted normally through it 
without the occurrence of either polarisation or double refrac- 
tion. This is in agreement with the conclusions already arrived 
at ; for in these circumstances any plane perpendicular to the 
face of the plate will be parallel to the transmitted ray and 
the optic axis, and therefore vibrations in all of such planes can 
be transmitted. 

Huyghens’s Theory of Double Eefraction.— Although Huy- 
ghens was unable to explain the polarisation of light produced 
by transmission through Iceland spar, he proposed a correct 
theory of double refraction. It is found that the ordinary ray 
obeys the ordinary laws of refraction : the incident and refracted 
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ray, together with the normal to the refracting surface, lie in a 
single plane, and the sines of the angles of incidence and re- 
fraction bear a constant ratio to each other. The refraction 
of the ordinary ray takes place, therefore, in the manner already 
described (p. 302) ; the refracted wave front is formed by the 
mutual reinforcement of spherical wavelets originating at the 
refracting surface, as the incident wave front sweeps along it. 
The extraordinary ray does not obey the ordinary laws of 
refraction ; it does not, of necessity, lie in the same plane as the 
incident ray and the normal to the surface, and the sines of 
the angles of incidence and refraction bear no constant ratio 
to each other. The direction of the extraordinary refracted ray 
depends, not only on the directions of the incident ray and the 
normal to the refracting sui'face, but also on the direction of the 
axis of the crystal. If the angle of refraction depends on the 
velocity with which waves are propagated within the refracting 
medium, it follows that the extraordinary wave velocity must 
depend on the direction of propagation relative to the optic axis. 
In other words, the properties of a doubly refracting medium, 
with respect to the propagation of light-waves, are different in 
different directions. Now, in a substance like glass, which has 
the same optical properties in all directions, a disturbance of the 
ether produces only a spherical wavelet. In a doubly refracting 
medium, the generation of spherical wavelets will account for 
the ordinai'y ray ; to account for the extraordinary ray, Huyghens 
supposed that a second v'avelet is also produced, which travels 
outwards with diffei'ent velocities in different directions. He 
assumed the form of this wavelet to be the next in order of sim- 
plicity to the sphere, i.e. the spheroid or ellipsoid of revolution. 
This is the surface generated by the rotation of an ellipse about 
its major or minor axis. Just as a sphere is generated by the 
rotation of a circle about a diameter. Since the properties of a 
crystal are symmetrical with respect to the optic axis, the axis 
of revolution of the spheroid is assumed to coincide with the 
optic axis of the crystal. When light is refracted at various 
angles through a crystal of Iceland spar, the ordinary and extra- 
ordinary rays make smaller and smaller angles with each other 
as their directions approximate to that of the optic axis ; along 
the optic axis the two rays merge into one. It may therefore 
be inferred that the ordinary and extraordinary wave velocities 
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are equal in the direction of the optic axis. To account for this, 
it is assumed that the spherical and spheroidal wave surfaces 
touch each other at the extremities of the axis of rotation of the 
generating ellipse. We now 
have a complete picture of 
the two wave surfaces gene- 
rated by a disturbance at any 
point in a doubly refracting 
medium. In the case of crys- 
tals like Iceland spar, the 
spheroid is oblate, i.e. the 
generating ellipse rotates 
about its shorter diameter. 

Consequently, the spherical 
sheet of the wave surface is 
entii'ely enclosed by the 
ellipsoidal sheet. Fig. 260 represents the sections of the two 
sheets by three mutually perpendicular planes, all of which pass 
through the common centre of the sphere and ellipsoid, while 
two intersect in the axis of the ellipsoid. A crystal possessing 
this form of wave surface is tei'med negative. In certain 
crystals, such as quartz, which are termed the ellipsoidal 

sheet of the wave surface is 
entirely within the spherical 
sheet (Fig. 261). In this 
case the ellipsoid is prolate, 
being foi'ined by the rotation 
of an ellipse about its major 
diameter, the latter being- 
equal in length to the dia- 
meter of the spherical wave 
sheet. 

We can now follow the 
process of double refraction 
in a crystaL 

Let LB (Fig. 262) represent 
the surface of a doubly refracting 
crystal, supposed to be perpendicular to the plane of the paper. Let 
AC be the trace of an incident plane wave, also perpendicular to the 
plane of the jrairer. At the instant when the incident wave front passes 



Fig. 261. — Wave Surface of Po.sitive 
Unia,val Cry.stal. 



Fig. 260. — tVave Surface of Negative 
Unia.xal Ciystal. 
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A, two wiivolcLs .start froin tluU point and spread out within the crystal. 
One wavelet has the form of a sphere, and enlarges equally in all 
directions; the other wavelet has the form of an ellipsoid, its axis of 
.symmetry heing parallel to the ojdic axis of the crystal. In Tig. 262, 
tile axis ol symmetry of the ellip.soid is repre.sented by AF, so that the 
optic axis of the crystal is supposed to be parallel to the plane of the 
paj jer. 'hhis is merely done for convenience of representation ; in the 
general case the optic axis may po.ssess any direction, and the axis of 



Fig. 262.— Illu.strates Double Refmction by a Negative 
, Uiiiaxal Crystal. 


symmetry of the ellips- 
oid must he drawn, 
in imagination, paral- 
lel to that direction. 

At the instant when 
the incident wave 
reaches B, haviftj^ 
travelled over the dis- 
tance CB after passing 
A, let the sjjherical 
and ellipsoidal wave- 
lets from A occupy 
the respective posi- 
tions DEFG and 
FIKFL. From B 


draw the line BE so 

as to touch the circle DEFG. A plane through BE perpendicular 
to the paper will touch all the spherical wavelets generated between A 
and B (p. 3*^3)) fhis plane represents the ordinary wave front, 
hurthei, AE represents the ordinary refracted ray correspondiirg to 
the incident ray MA. Through B draw a plane perpendicular to the 
plane of the paper, so as to touch the ellipsoid IIKFL ; then this 
plane touches all the ellipsoidal wavelets generated between A and 
B, and constitutes the extraordinary wave front. When the axis 
of the ellipsoid is either in, or perpendicular to, the plane of the 
paper, the extraordinary wave front touches the ellipsoid at a point 
K in the plane of the paper ; but in the general case the point of 
contact of the wave front with the ellipsoid may Ire either above or 
below the plane of the paper. The ellipsoidal wavelets generated 
in the immediate neighbourhood of the point A intersect each other 
plane rvave front BK touches the ellipsoid 
HKFL. Thus, wavelets generated near A reinforce each other at K, 
arid AK is the extraordinary ray corresponding to the incident ray 
MA. When the incident ray lies in the same plane as the normal to the 
surflicc and the optic axis of the crystal, the extraordinary ray lies in the 
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])lun(‘ of incidence; but; in the general case the extraordinary ray is 
inclined to the plane of incidence. It must be noticed that the extra- 
ordinary wave front BK is not, in general, perpendicular to the 
extraordiniiry ray AK. 

In iiegiilive crystals, the extraordinary ray is less refracted than the 
ordinary since the extraordinary wave velocity is greater than the 
ordinary wave velocity. On drawing a diagram similar to Fig. 262, 
with reference to a positive cry.stal, it is easily .seen that in this case the 
extraordinary ray is more refracted than the ordinary ray. 

In Fiy. 262, the direction of vibration in the ordinary wave 
front HK will be perpendicular to the plane of the paper (p. 487). 
In the e.xtraordinary wave front, the direction of vibration wall 
be |)arallel to KB, in the plane of the paper, 
t' Verification of Huyghejis’s Construction. — The construc- 
tion de.scribed above obviously gives a qualitative explanation 
of the phenomena of double refraction ; experiments made by 
Huyglien.s, Wollaston, Stokes, Mascart, and Glazebrook prove 
th.'it the construction is also quantitatively exact. The general 
inetliods of experimenting are as follows : — 

1. ' Construction for Ordinary Ray.— A number of parallel 
slices are cut from Iceland spar, in various directions with re.spect to the 
optic axis. These slices are cemented together, 
and from the combination a prism is cut with its 
refracting edge perpendicular to the planes of 
junction (P"ig. 263). When this prism is mounted 
cm the table of a spectrometer, each slice of the 
prism produces a separate extraordinary sirectrum, 
fait all of the .slices combine to produce a single 
ordinary .spectrum of a character .similar to that 
olrlained Iry the use of a glass prism. Thus, the 
direction of the ordinary ray is independent of 
the direction of the optic axes, and the ordinary 
wave surface is similar to that in glass, or has the 
form of a .sphere. 

2. Construction for Ordinary and Extraordinary Rays, 
WHUN THE Optic Axis is Parallel to the Refracting Surface. 
When the optic axis is parallel to the refracting surface, and perpen- 
dicular to the plane of incidence, the latter cuts the wave surface in two 
concentric circles (compare Figs.260 and 261, p. 491). In this case both 
the ordinary and extraordinary rays lie in the plane of incidence, and the 



Fig. 263. — Com- 
pound Prism. 
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angle of refraction of the extraordinary ray bears a constant ratio to 
the angle of incidence. Thus, if a prism is cut from a doubly refract- 
ing crystal, so tliat the refracting edge is parallel to the optic axis, 
two spectra will be formed. Itiither of these spectra may be ex- 
amined l)y itself, Ijy (jbserving the transmitted light through a 
tourmaline crystal with its axis in a suitable direction. Thus, the 
refractive indices for the' ordinary and extraordinary rays can be 
separately determined. The refractive index for the ordinary ray 
will be the same for all directions of tran.smission through the crystal. 
The refractive index for the extraordinary ray will only apply to the 
case where the plane of incidence is perpendicular to the optic 
axis. 

/'■^et V„ be the velocity of transmission in the ordinary wave front, 
while V,, is the velocity of transmission in the extraordinary wave 
front, in a direction at right angles to the optic axis. Then, if V is the 
velocity of light in vacuo, the ordinary refractive index, of the 
crystal is equal to V/V„. Similarly, the extraordinary refractive index, 
is equal to V/V,,. It is obvious that V„ and ¥„ are proportional to 
the equatorial semi-diameters of the spherical and ellipsoidal sheets of 
the wave surface. In the case of a negative crystal, is greater than 
Vo, so that (it! is less than (ig- The opposite is the case with respect ' to ■ 
a positive crystal. Having determined the value of fig and fie, we are 
in a position to construct the complete wave surface. For, if we 
describe a sphere of unit radius to represent the spherical sheet of the 
wave surface, then the polar semi-diameter of the ellipsoid will be equal 
to unity, and the equatorial semi-diameter will be equal to V,./Vo = 
V/Vo 4- V/Vo = lia/fig. 

3. Construction for the Ordinary and Extraordinary 
Rays, when the Optic Axis is in the Plane of Incidence. — 
Having determined the major and minor semi-diameters of the ellips- 
oidal wave sheet, and the radius of the spherical sheet, we can draw the 
section of the wave surface by the plane of incidence for any position 
of the optic axis in that plane (Fig. 262). We can then determine, 
graphically or by calculation, the angles of refraction for the ordinary 
and extraordinary rays, coiTesponding to any given angle of incidence. 
Light from a pinhole may be refracted through a parallel plate of the 
crystal, arranged so that the optic axis lies in the plane of incidence ; 
by observing the position of the extraordinary image of the pin-hole, 
we can determine the angle of refraction into, or out of, the crystal, 
and so verify the results obtained from theory. 

An elaborate series of experiments conducted by Mr. Glazebrook, has 
shown that Huyghens’s construction gives results which agree with those 
observed to within i in 30,000. 
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I he following table gives the principal refractive indices of Iceland 
s])ar and quartz, for the chief Fraunhofer lines in the spectrum : — 


I'’r;.iunhafer lines. 

Iceland spar. 

Quartz. 



f^O 

/Xfi 

Uo 

B 

1-48391 

I -65308 

I -54990 

I -54090 

( ! 

1 ‘48455 

1-65452 

I ‘55085 

1-54181 

I ) 

I ‘48635 

1-65850 

I ‘55328 

1-54418 

M ..... . 

I -48868 

I "66360 

I ‘55631 

1 ‘54/1 1 

h' 

I -49075 

I -66802 

I ‘55894 

1-54965 

G 

I ‘49453 

1-67617 

■ I ‘56365 

I ‘55425 

If 

I -49780 

1-68330 

1-56772 

1-55817 


Nicol’s Prism. — ABCD (Fig. 264) is the isometric -pro 
jection of a long crystal of Iceland spar, 
of which B and D are the obtuse solid 
angles, each contained by three obtuse 
jjlane angles. An imaginary plane drawn 
through the blunt edges BC and AD con- 
tains the optic axis of the crystal (p. 

485) ; this plane may be termed the 
principal section of the crystal. A ray 
incident on the face AB, in a plane 
parallel to the principal section, gives 
rise to an ordinary and extraordinary ray, 
both of which lie in the plane of inci- 
dence. These rays travel with dilferent 
velocities, that of the extraordinary ray 
Ireing- the greatei-. 

The refractive index of Canada balsam 
is ec{ual to i‘55, which is a value inter- 
mediate between the ordinary and extra- 
ordinary refractive indices for Iceland 
spar. Consequently, the velocity of wave 
transmission in Canada balsam is greater 
than the ordinary, and less than the 
extraordinary, velocity of wave trans- 
mission in the spar. If the ordinaiy 
i-ay in the spar is incident on a layer of Canada balsam, it will 



Fig. 264. — Illustrates the 
Method of construct- 
ing a Nicol’s Prism. 
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tally reflected if the angle of incidence is greater than a 
in critical value ; on the other hand, the extraordinary ray 
ot be totally reflected under similar conditions, since its 
;ity in tlic balsam is less than in the spar. Tims, by 
ing the ordinary and extraordinary rays, travelling through 
nd s]3ar, to fall on a layer of Canada balsam at a suitable 
s, the ordinary ray can be reflected to one side, and so 
rid of, while the extraordinary ray is transmitted. This is 
mnciple of construction of Nicol’s prism. 


le natural end faces AB and DC (Fig. 264) of a cry.stal of Iceland 
are inclined at about 71° to the blunt edges AD and BC. In con- 

n structing a Nicol’s prism, the crystal is first cut 
perpendicular to the principal .section, .so as to 
form new end faces AE and CF inclined at 
about 68° to the edges AF and EC. The pri.sm 
is then divided into two parts by a cut EGF, per- 
pendicular to the princijDal section, and also to 
the end faces AE and CF. The cut surfaces are 
ground plane, polished, and cemented together 
by a film of Canada balsam. The prism is 
then complete except for mounting in a brass 
tube to protect the spar from injury. Fig. 265 
represents the section of a Nicol’s prism by a 
plane passing through the oppo.site blunt edges 
EC and AF. The film of balsam js represented 
by EF. A ray, liK, incident in the plane of 
the paper on the end face AE, is divided into an 
ordinary ray, KO, and an extraordinary ray, 
KM, within the prism. The ordinary ray is 
totally reflected at O from the film of balsam, 
HjillHbwS while the extraordinary ray is transmitted 
through the prism, and leaves the face FC 
parallel to the direction ITK of the incident ray. 
Thus, we obtain a ray of pure polarised light, of 
considerable intensity. Since the vibrations 
in the extraordinary ray are executed in the 
cipal plane (p. 487), it follows that the vibi-ations in the ray MN 
be parallel to the plane of the paper. Fig. 266 represents the end 
^ of a Nicol’s prism. The direction of vibration in the trans- 
ed light is parallel to the .shorter diagonal of the end face, or in 
direction of the double arrow. 


265. — Section of 
licol’s Prism. 
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"" Nicol) can be used 

. the) as a polanser or as an analyser. When two Nicols are 

h-nT''' -iT' It sections parallel, the light 

imnsini eel through one is also transmitted through the other ^If 

mI : . ,,.^'“'1 “■ F "'?'’ te ;„, e " 

iLLliJcr , the intensity of the transmitted 
light is proportional to the square of the 
cosine ejf the angle between the principal sec- 
tions of the two Nicols (p. 488). When the 
piincijjal sections are perpendicular to each 
other, no light is transmitted ; the extra- 
ordinary ray_ from the first Nicol forms an 
ordinary ray in the second, and so is totally 
reflected from the balsam. When the Nicols are 

arranged with their principal sections perpendi- Fm. 266. — End view of 
cular to each other, they are said to be crossed Pp-™- 

iiie iiouble Image Prism. — In some investi- placement in Trans- 
gations i t is of advantage to split a single ray 
of light into two divergent rays. This result can be accomplished by 
the use o a double image prism. Fig. 267 represents a section of 
Wollastons pri.sm. It consists of two right-angled prisms of quartz, 

01 calcite, cemented together so as to form a prism of rectangular 
.section. The prism ABD is cut so that the face AB is parallel. 
While the refracting edge B is perpendicular, to the optic axis. The 
prism BCD is cut so that the face CD and the refracting edge D 

are both parallel to the optic axis. 
Thus, as indicated by the shading, 
in the prism ABD the optic axis is 
in the plane of the paper, while in 
the prism BCD the optic axis is 
perpendicular to the plane of the 
[laper. _ 

A ray incident normally on \ 
the face AB forms ordinary and 
„ , , , extraordinary rays within ABD, 

10. 267._Do«ble Im.age Pnsm. travel along the same path 

with unequal velocities. Thevibra- 
tions in tlie ordinary ray are perpendicular to the plane of the paper. 

tei passing the face BD, this ray is transmitted as an extraordinary ray 
m the prism BCD, since in BCD vibrations perpendicular to the plane of 
the paper will be parallel to the principal plane. If and are the 
ordinary and extraordinary refractive indices, the effective refractive ^ 
index for the above refraction at the face BD is equal to Atf/Mo. The 

K K y 


Fig. 267. — Double lm.age Prism. 
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cxlraordiiiiiry my in AHI) comprises only vihmiions in the phinc of 
(he ]:)ii|)L'r, and tlie ray is transiniltled as an ordinary ray after passing; 
ihc face HD. d In* ellective refractive index lor this refraction i^i 
c<iuid to In tlie case ol (piartz, fi,, • /u,,, so that on jiassing tlie 

face HD llie extraordinary ray in AIM) is refracted toward the base HC 
of tfu; jirisin HDD, while the ordinary ray in AHD is refracted away 
from the base HC. On enierjring Hoin the face CD, the two rays 
continue to diverge. 

A. doulile image prism may be used to measure the dimensions of 
an optical image, after the manner described with regard to the 
oplithalmometer (p. 162). 

Tourmaline, a Doubly Eefracting Crystal.— Only a single 
polarised ray is transmitted through a thick crystal of tour- 
maline ; but if the crystal is thin, two rays of unequal intensities 
are transmitted, and these rays are found to be polarised in 
l^erpendicular planes. The directions of the rays are found to 
follow Huyghens’s construction, so that we reach the conclusion 
that tourmaline is a doubly-refracting crystal, in which the 
ordinary ray is absorbed if the crystal is thicker than i or 2 mms., 
while the extraordinary ray is transmitted without much loss of 
intensity. Calcite acts like tourmaline with respect to very long 
waves. The transmissive power of calcite for infra-red rays of 
wave-lengths between i and 5*5 microns, has been studied by 
Merritt ; he finds that beyond yz microns, the ordinary ray is 
entirely absorbed, while the extraordinary ray is transmitted. 
Thus, double refraction is seen to be closely associated Avith 
absorption, and the latter property has been found to depend on 
the free i^eriods of the material particles set in motion by light- 
waves (p. 376). If we suppose that the vibrating particles of 
a doubly refracting crystal are arranged regularly, so that their 
periods of vibration are different for displacements which are 
respectively joarallel and perpendicular to the optic axis, then it 
follows that waves will be transmitted with different velocities 
according to the direction of displacement in the wave front 
(p. 386). This gives an explanation of double refraction, and 
the polarisation of the transmitted rays. If the period of the 
incident waves agrees with one of the free periods of the material 
particles, when vibrating in a particular direction, then the ray 
corresponding to this direction of vibration will be absorbed 
after traversing a small thickness of tlie crystal. 

Biaxal Crystals. — In calcite, quartz, and similar crystals, 
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there is a single direction, termed the optic axis, in which 
waves are transmitted with one uniform velocity. In any other 
direction there are two distinct velocities of wave transnhssion 
and the resulting rays are polarised perpendicularly to each 
1 lei.^ jiewster and Biot discovered another class of crystals 
1 n which there are /.ao distinct directions of single wave velLity • 

iS'to such crystals are 

does no nno T1 ° Huyghens’s construction 

oes not apply The refraction of light by biaxal crystals will 
be studied in detail in the next chapter. 

Elliptic and Circular Polarisation.— A plate of uniaxal 
n-ystal, cut parallel to the axis, produces no separation in a ray 
incident on it normally. The extraordinary ray is transmitted 
norma ly with a velocity V„, equal to where Vis the velocity 
ol light rw/M, and is the extraordinary refractive index of 
the crystal ; the vibrations in this ray are parallel to the axis of 
the crystal. ^ Similarly, the ordinary ray is transmitted normally 
with a velocity V„, equal to V//Xo, where /j.o is the ordinary refrac- 
tive index of the crystal ; in this ray the vibrations are perpendi- 
cular to the axis of the crystal. If the incident ray is polarised, and 
its vibrations have an amplitude a, and make an angle 0 with the 
principal plane (z>. the plane containing the normal to the surface 
and the optic axis of the crystal), then, by the law of Malus, the 
amplitude of the extraordinary ray is equal to a cos 0 , while 
that of the ordinary ray is equal to a sin 0 . Unless 0 = 45% the 
amplitudes of the ordinary and extraordinary rays will be 
unequal. 'Thus, in general, waves of unequal amplitudes are 
transmitted, with unequal velocities, along the common path of 
the two rays. On entering the crystal the phases of the ordin- 
ary and extraordinary wave vibrations are equal ; but, owino- 
to the unequal wave velocities, an increasing difference of 
phase is introduced during transmission. Each particle in the 
common path of the rays simultaneously executes two harmonic 
motions at right angles to each other ; the periods of these 
harmonic motions are equal, but in general the amplitudes and 
phases differ, so that the actual path of a particle in general is 
an ellipse, including the circle and straight line as particular 
instances (p. 244). 

To fix our ideas, let us suppose that the vibrations in the incident 
polarised ray make an angle of 45° with the principal plane of the 
crystalline plate. The amplitudes of the two rays are now equal, their 
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common vtiltic licintr 0(^2. The plalc mny l)e supposed In l)e of 
quartz, so llial the ordinary is greater than the extraordinary wave 
velocity. II A is tlie wave-lenejUi of the incident lii^hl, then, since the 
ordinary wave I ravels a di.slance V„ in llie plate w hile Ihe incidenl lip'ht 
(raveds a dislauee V r'ln/m, the wave-lenpOh In the ordinary ray is 
ecpial to \’„A/V, or A/^„. Similarly, the wave-lenylh in the extra- 
ordinary ray is e()ual to A/^t,.. Let us .su|)pose thal, at a distance 5, 
within the plate, the extraordinary ami ordinary wave displacements 
differ in phase by 7r/4. Remembering that a phase difference amounting 
to TT corresponds to a retardation of half a wave-length, we see that the 
extiaoidinary wave front has fallen behind the ordinary wave front by’ 
one-eighth of the extraordinary wave-length. Thus, if there are « 
ordinary waves between the surface of the crystal and the point in 
q^uestinn, there will lie {n + -|) extraordinary waves in the .same space. 
Consequenlly — 


5j =: nXlfln — ( « -f- 


1t\ — 


]\/ 

A 


8 


= and S, = 


8(Mn - Mf-)* 


At the point in question, let us suppose that tire ordinary and 
extraordinary w.ye vibrations are respectively performed along the axes 
of X and j/ (big. 131, p. 245). Since the amplitudes are equal, the 
tracing points move round the same circle ; but at the instant when the 
ordinary tracing point passes, in the positive direction, through the 
axis of x, the extraordinary tracing point has still to move through an 
angular distance equal to v/4., before reaching the axis of jy. Applying 
the method explained with respect to Fig. 131, it is easily seen that the 
resultant of the two vibrations is an ellipse, described in a direction 
oppo.shte to that in wdiich the hands of a clock revolve (Fig. 268, II). 
Thus, at a distance within the plate, each particle describes an elliptic 
orbit. ^ If the thickness of the plate is equal to 5j, so that the two rays 
leave it after traversing this thickness, then, since no further phase 
change occurs after the light emerges, each particle of the ether in 
the path of the transmitted ray describes an elliptic orbit. The 
transmitted light is then .said to be elliptically polarised. 

_ If the plate is of sufficient thickness, we may find a point at a 
distance within it, such that the phases of the ordinary and 
extraordinary w'ave displacements differ by rr/a. The value of So is 
given by — 


da = A/4(^g - ,Uo), 
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i» .I>«i.m tte imrlick dLrilL 'a circXCrbil (Kg. 268 ‘'inj”‘"‘r 
.y Plata ha., a thick, .c„ .,f each particle „f the e het h, tC , ,1 o 

the e...erge„t hgh, clccribc, a ohclat orbit. In ,hi, ca,e tie e„S„„, 



Fia. 268.-Compo.sitioii of two mutually Rectangular Vibrations differing 

111 X-thase by various amounts. , 

light is suid lo be circularly polarised, and the cry.slalline plate is 
teinied a quarter wave plate. 

The student should now Had no difficulty in verifying the following 

ICSllltS J— * 

At a distance 5 y within the plate, given by 


^3 = 3V8{/“b - /“(,), 

the phase difference amounts to 3^/4, and the orbit of a particle is an 
ellipse, Its major axis being at right angles to the major axis of the 
elliptic orbit at a distance S, within the crystal (Fig. 268, IV). 

At a distance within the plate, given by 


5 , =: A/2(^,, - /U„), 

the phase difference amounts to tt, and the resultant vibration is in a 
straight line perpendicular to the original direction of vibration (Fig. 
268, V). Still farther within the plate, we find points at which 
the phase difference amounts to 57r/4, 3-r/2, , 7^/4, and 2ir. The 
orbits at these points are represented in Fhg. 268, VI, VII, VIII, 
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and I. Notice lliiil, for phase differences between tt and 2Tr, tlie 
direction of revulutiuii along the elliptic orbits is opposite to that for 
phase differences between o and w. 

Detection of Circtilarly or Elliptically Polarised Light.— 

A circular vibration is ecjuivaleiit to two equal linear vibrations, 
differing in phase by tt/c, executed at right angles to each other. 
When a ray of circularly polarised light is analysed by a Nicol, 
it is resolved into two plane-polarised rays of equal amplitudes ; 
the I'ay in which the vibrations are parallel to the principal sec- 
tion of the Nicol is transmitted, while the other ray is totally 
reflected from the balsam. A rotation of the Nicol produces 
no alteration in the intensity of the transmitted ray, since the 
amplitudes of the resolved rays are always equal. In this re- 
spect circularly polarised ligdit resembles unpolarised light. To 
distinguish between the two, let the lig'ht be transmitted 
through a quarter wave plate (p. 501). Circularly polarised 
light will be decomposed into two rectilinear vibrations at rigdit 
angles to each other, initially differing in phase by 77/2 5 the 
quattei wave plate introduces a further phase change of 77/2, so 
that on emergence the component vibrations differ in phase by 
77 or o, and in either case a single rectilinear vibration is the 
lesult (Fig. 268, I and V). This rectilinear vibration will be 
lefused transmission by a Nicol, when the principal section of 
the latter is perpendicular to the direction of vibration. On the 
other hand, unpolarised light, after transmission through a quarter 
w^ave plate, will not be plane-polarised, and w'hen analysed by 
a Nicol, will not be extinguished as the Nicol is rotated. Thus, 
we can distiirguish between unpolarised and circularly polar- 
ised light. 

An elliptic vibration may be resolved into two unequal recti>. 
linear vibrations, in any two directions at right angles to each 
other. According'ly, when elliptically polarised light is analysed 
by a Nicol, the intensity of the transmitted light is greatest when 
the principal section of the Nicol is parallel to the major diameter 
of the ellipse, and least when the principal section is parallel to 
the minor diameter of the ellipse. Thus, as the analysing Nicol 
is rotated, the intensity of the ti'ansrnitted light alternately de- 
creases and increases. In this respect elliptically polarised 
light resembles a mixture of unpolarised and plane-polarised 
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. trl i between the two, let the light be trans- 

nitttd thioiigh a quarter wave plate. When an elliptic vibra- 
tion ifa iesolved into rectilinear vibrations, parallel to its major 
and ininor diameters, these vibrations differ in phase by 77/2 
U?. 24 &;- If the quarter wave plate is arranged so that its axis 
IS paiallel to either the major or minor diameter of the elliptic 
viln-ation, such a resolution will occur, and a further phase 
cliange of7r/2 will be introduced as the light traverses the plate, 
Tur emergence the component vibrations of the light 

differ in phase by TT or o. The resultant vibrations will then 
be rectilinear, and the emergent light can be extinguished by 
a Nicol. Partially polarised light will not be rendered plane- 
polarised by transmission through a quarter wave plate. Thus, 
we have a means of distinguishing between partially polarised 
Iig'ht and elliptically polarised light. 

It should be noticed that, owing to the unequal variations 
of and Pa with the wave-length (Table, p. 495), a plate 
of quartz can only serve as a quarter wave plate for a particular 
wave-length of light. 

Botation of the Plane of Polarisation. — As already ex- 
plained, no Iig'ht is transmitted through crossed Nicols. If a 
plate of calcite, cut perpendicular to the axis, is placed between 
crossed Nicols, a parallel pencil of light is still refused trans- 
mission ; the polarised light transmitted by the first Nicol is 
transmitted without modification by the calcite, and is extin- 
guished by the second Nicol. When, however, a plate of 
quarts, cut perpendicular to the axis, is placed between crossed 
Nicols, it is found that light is transmitted through the com- 
bination. If the light is monochromatic, the ray leaving the 
quartz can be extinguished by rotating the analysing Nicol 
through a definite angle. Thus, the light transmitted by the 
c[uartz is plane-polarised. In passing through the quartz the 
plane of polarisation has been rotated through a definite 
ang'le. Using quartz plates, cut in a similar manner from 
different crystals, it is found that the analysing Nicol must 
sometimes be rotated in one direction, and sometimes 
in the opposite, in order to extinguish the transmitted light. 
Thus, there are two kinds of quartz, distinguished from each 
other by the directions in which they rotate the plane of 
polarisation. When, looking along the direction in which the light 
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is transmitted, the plane of polarisation is rotated in the direction 
in which the hands of a clock revolve, the crystal is said to he 
right-handed; a left-handed crystal rotates the plane of polarisa- 
tion in the opposite direction, 

lliol. invcsligiUed Ihc robiLion of the plane of pohuisalion by quartz, 
lie deduced tlie following laws : — 

1. The rotation is proportional to the thickness of the crystal 
traverse<l. 

2. The rotation produced by transmission through two plates is 
the algebraic .sum of the rotations due to the separate plates. Thus, 
a plate of right-handed <|uartz just neutralises the rotation produced 
hy a plate of left-handed quartz of equal thickness. P'urther, if a 
polari,sed ray, after being transmitted by a quartz plate, is reflected 
Ijack normally hy a poli.shed silver mirror, the rotation produced by 
the first transmission through the plate is just neutralised by the 
.second transmission through it in the opposite direction. In Iroth 
cases the rotation is, let us say, right-handed ; but in the first instance we 
must look along the ray in the direction in which it is first transmitted, 
while in the second case we must look along the returning ray. 

3. Ihe rotation varies with the wave-length of the tran.sraitted light ; 
to u first approximation it is inversely proportional to the square of the 
wave-length. Thus, the rotation is much greater for blue or violet, than 
for red, rays. 

.^Fresnels Explanation. — We have seen (p. 243) that a 
lectilinear vibration is equivalent to two circular vibrations 
executed in opposite directions. Fresnel assumed that a ray 
of plane-polarised light, incident normally on a plate of 
quartz cut perpendicular to the axis, is decomposed into two 
circularly polarised rays, which are transmitted along the axis 
with unequal velocities. 

Let OA (Fig. 269) be the amjDlitude of the incident wave vibrations. 
At the face of the quaidz plate the rectilinear vibrations, performed along 
AB, are resolved into two circular vibrations performed in opposite 
directions around the circle CDEGC, where OC = OA/2. The tracing 
points pass each other at C and E, the right-handed circular vibration 
being executed in the direction CDEGC, while the left-handed circular 
vibration is executed^ in ihe direction CGEDC. At any instant, the 
phase of either vibration is measured by the angle subtended at O by 
the ciicular arc described by the tracing point since its passage through 
C. At the surface of the quartz the phases of the two opposite circular 
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vil.mti„„s urc ciual. At a distance within the quart., the plu^ 
‘ two circular vibrations differ, if the right-handed and kfE 
li.inded waves are transmitted with different velocities. For let V 
•inil lie tlie velocities witli which the right- and left-handed 
vaves are j.n.pagated, while T is the period of the incident wave 
a.ilions In every case a complete revolution of a tracing point 
IS execuled in a tune T. The lengths of the right- and left-handed 
; ly-spectiyely equal to V,.T and V^T. At any instant the 


distance V,.T within 


|iliase ol tlie riglit-handed vibration, at 
I be plate, will lie 2-ir radians behind the 
fighl-liunded viliralion at tlie surface of 
llie plate. Coiiswjiiently, at a distance 
.1 within the plate, the phase of the right- 
handed vibration will be 27r.i/V,.T radians 
beliind the right-handed vibration at the 
siirface. In other words, when the right- 
bunded tracing iiuint at the surlixce is pass- 
ing through C, the right-handed tracing 
point, at a distance x within the crystal, has 
■still to traverse an arc GC, which sub- 
Uuids an angle 27r.i:/V,.T at O, before reach- ' 
ing (’. At the same instant, the left- 
luinded tracing point at x must traverse 
tin arc h'C, wliich subtends an angle 
27r.v/V7r tit O, before reaching C. If V,. 
is less than V;, GC is greater than EC. 

Since the tracing points describe their 
(drcular jiatlis with equal velocities, the 
left-handed tracing point passes through C 
when the riglit-handed tracing point has still an arc IIC, equal to 
(( IC - EC), to traverse. ■ The two tracing points pass each other at K, 
where KC = IIC/2. Then OK is the direction of the resultant rectilinear 
vibiiition at a distance a within the plate. The angle through which 
the plane of polarisation has been rotated is equal to KOC. Since the 

arc HC sulitends an angle ( — _ _ ) at 0, the arc KC subtends 



-f 

es Fres- ' 


I'lG. 26p . — Illustrates Fres- 
nel’s E.splanation of the 
Rotation of the Phase 
of Polarisation. 


an angle 


at O, and this is the angle through which the 


T VV. V, 

TTX / I I 

T VV, " V^, 

lihine of polarisation has been rotated by transmission through a thick- 
ness, .V, of quartz. I he rotation of the plane of polarisation is left- 
handed when Vi>V,., and right-handed when Vr>Vi. 

Fresnel proved the above e.xplanation to be stibstantially 
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accurate in tire following manner. A number of quartz prisms 
were cut so that, when cemented together in series, they 
formed a rectangular parallelepiped (Fig. 270), the axes of the 
quartz in all of the prisms being in the same direction, per- 
pendicular to the end faces AC and EF. The prisms ABC 
and BDE were right-handed, while CBD and DEF were 
left-handed. A plane-polarised ray, incident normally on 
the face AC, is decomposed, according to Fresnel’s theory, 
into two circularly polarised rays which travel through the 
llrst prism with unequal velocities. The right-handed ray 
travels faster in the first prism (which is right-handed) than 
in the second (which is left-handed) ; consequently it is 

refracted toward the base of 
the prism CBD. Conversely, 
the left-handed ray is refracted 
away from the base of CBD. 
This separation of the rays 
will be further increased by 
refraction through the third 
and fourth prisms, and two 
circularly polarised rays, diverg- 
ing from each other, should 
leave the combination. Fresnel realised these results experi- 
f mentally. 

The late Sir George Airy proved that when a plane-polarised 
ray is transmitted through quartz, in a direction inclined to 
the axis, two elliptically polarised rays are transmitted with 
unequal velocities. In a direction perpendicular to the axis, 
the elliptic vibrations degenerate into two mutually per- 
pendicular rectilinear vibrations. 

Eotations produced by Liquids and Vapours.— Many 
liquids rotate the plane of polarisation of light in a manner 
similar to that described above. The rotatory power of 
liquids is generally smaller than that of solids. A plate of 
quartz i mm. thick rotates the plane through ; a layer of 

turpentine of the same thickness rotates the plane through o'’'296. 
Essence of lavender and cane-sugar solutions produce right- 
handed I'otations ; essence of turpentine and grape-sugar 
solutions produce left-handed rotations. 

Liquids possessing rotatory power do not lose this property 
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when diluted with inactive liquids, and even in the state of 
vapour the rotatory power may be retained. On the other 
liand, quartz loses its rotatory power on being fused, or on 
being dissolved in caustic potash solution. The neutral 
anhydrous tartrate of rubidium has its rotatory power re- 
versed by solution. In all cases the rotation produced by a 
.substance varies inversely as the square of the wave-length 
of the transmitted light. 

Laurent’s Sacchariineter.— -The angle through which the 
plane of polarisation is rotated, when light is transmitted through 
a known thickness of an active substance in solution, is propor- 
tional to the mass of the active substance per c.c. of solution. 
Consequently, the amount of a substance, such as cane sugar, in 
I c.c. of a solution, may be determined from an observation of 
the rotation of the plane of polarisation. 

F'(.)r accumlc work it is not sufficient to polarise light by a Nicol, 
Iran.smit it through a known length of the solution, and analyse 
it by a .second Nicol j for the latter, 
when adjusted to intercept the light 
transmitted through the solution, can 
be nhated through a small angle in 
either direction without allowing any 
appreciable amount of light to pass. 

Imurent overcame this difficulty very 
successfully in his half-shade sacchari- 
meter. Let AQB (Fig. 271) be a 
semicircular plate of quartz, cut so 
that the optic axis is in the plane 
of the paper parallel to AB. Plane- 
jjularised light transmitted norirrally 
through the plate will be divided into two sets of waves travelling 
along the same path, but polarised in perpendicular planes. Let 
O P be the direction of the vibrations in the incident light. In the 
quartz the extraordinary ray vibrations are parallel, while the 
ordinary ray vibrations are perpendicular, to OA. Further, the 
ordinary and extraordinary waves travel through the quartz with 
unequal velocities. If the thickness of the quartz is such that, on 
emergence, the phases of the ordinary and extraordinary waves differ 
by TT, then it can be proved, by a method similar to that used on p. 245, 
that the resultant vibrations are rectilinear, and are executed along 
OQ, where z QOA = z POA. For a phase difference of tt to be pro- 



Fig. 271 .— The Half-shade. 
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cl need, Lhe optical diClercncc in the paths of the ordinary and extra- 
cudimiiy lays ninst be ei|iial to half a wave-length uh the incident light 
(p. 501 ) ; the plate A(^B is then termed a half wave plate. Let Al’B be 
a semicircular sheet of glass of such thickness that it reflects and absorbs 
ns much light as the quartz ; the vibrations in the rays transmitted by 
Itu! glass will be performed parallel to OP. Thus, the rays transmitted 
ihrimgh the .semicircle AQB are characterised by vibrations executed 
in tlu; direction OQ, while the rays transmitted through the semicircle 
/\I’ 1 J are characterised by vibrations executed in the direction OP. 
( )n viewing the circle APB(^ through a Nicol, its halves AQB and 
IMi will generally be unequally bright. On rotating the Nicorso tliat 
its ja-incipal section is perpendicular to AB, only the component 
vihraticjn.s perpendicular to AB will be transmitted, and, since OP and 
i)() are equally inclined to OA, the transmitted rays from APB and 
A(,)B will be of equal amplitude, and the two semicircles will appear 
c([ually bright. A slight rotation of the analysing Nicol, in either 
direction, piroduces a marked alteration in the brightnesses of the turn 
scinicircle.s. The combination of glass and quartz semicircles is 
termed a half- shade. 

Fig-. 373 represents Laurent’s Saccharimeter ; the parts are 
repre.sentecl diagraramatically below. Light from a slit, a, is 
rendered parallel by a lens, e, and is polarised by a Nicol, d ; it 
then illuminates the half-shade /. By means of the small Galilean 
telescope ih, which is focussed on the half-shade, the latter can be 
viewed through the analysing Nicol, g. The telescope ih and the 
N icol g- are carried by a tube, K, which is rotated by a milled 
head, G, its position being determined by rneatis of a vernier and 
scale viewed through a lens, L. Having adjusted the analyser so 
that the half-shade appears uniformly bright, a tube,^^/, filled with 
sugar solution, is placed between the half-shade and the analyser. 
The light from either portion of the half-shade has its plane of 
polarisation rotated through the same angle ; on rotating the 
jinalysc^ a position can be found where the half-shade again 
appears uniformly bright ; the angle through which the analyser 
has been rotated is equal to the angle through which the plane of 
polarisation is rotated by the solution in the tubey^yj. Owing to 
the circumstance that the half wave plate in the half-shade must 
be cut to a thickness dependent on the wave-length of the light 
to be used, it is usual to employ a Bunsen flame coloured with 
salt for a source of light ; a plate of bichromate of potash at B 
cuts off all light except that corresponding to the D lines. The 
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line of intersection of the halves 
rotfited through a small angle by the 

angle AOP (Fig, 271). 


of the half-shade can be 
arm J, so as to vary the 



Questions on Chapter XVIII 


A 


I. What do you understand by plane-polarised light? Describ,. 

some form of apparatus for determining the plane of polarisation nP 
beam of polarised light. (A. 1897.) polaiisation of a 

_ 2. Rays of light polarised in, and perpendicular to, the nlann nP 
.ncdence respectively are, in l,.r„, reflected at differed ande 
glass. Describe the phenomena observed, and apply them to th^ 

explanation of polarisation by reflection. (aA. 1895.) ^ 
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3. Explain carefully how you would arranfje a number of sheets of 
glass to act as a polariser and analyser, and descril)e any single experi- 
ment which might he performed with the aid of the a|)paratus (leseril)e(l, 

to illustrate the properties of ]K)lariscd light. (A. 1901.) 

4. Desciihe a method of polarising ligiil Iiy retleclion ; and shiir 
how you would (I) prove that the light is polarised, and (2) determine 
whether it is completely polarised. (A. 1898.) 

^ 5. Define the plane of polarisation of a parallel beam of polarised 
light, and disemss the que.stion as to whether tlie direction of viliration 
lies in, 01 at right angles to, the plane of jrolarisation. (II. 1895.) 

6. The waves of light are .said to be transverse. What is the evidence 
for this ? Rdntgen’s rays do not appear to satisfy the ordinary tests for 
tran.sversality. Is it thereby proved that tlicyare longitudinal ? Discuss 
this question. (TI. 1S96.) 

7. Write a short e.s.say on the colour of the sky. (II. 1893.) 

8. How may Huyghens’.s construction for the form of the rvavc 

surface in a uniaxal crystal be verified hy exrieriment? (H., I., 
1898.) ^ ’ 

9. A ray of light falls upon the surface of a uniaxal crystal, the 
plane of incidence being a principal plane. Give the geometrical 
construction for determining the paths of the rays within the crystal, 
and state whether your diagram is drawn for the case of a positive or 
negative crystal. (A. 1897.) 

10. Give a geometrical construction for the direction of the refracted 
rays in a crystal of Iceland spar, when the optic axis is the intersection 
of the plane of incidence and the refracting surface. Explain the 
figure you draw. (A. 1898.) 

11. Describe the construction of a Nicol’s prism, and explain how 
it produces plane-polarised light. How may a beam of circularly 
polarised light be produced, and how may it be distinguished from a 
beam of ordinary light? (Lond. B.Sc. Pa.ss, 1895.) 

12. Explain what is meant by the ordinary and extraordinary rays in 
a crystal, defining any technical terms you employ, and describing 
simple experiments by which your description of the two kinds of rays 
is justified. (A. 1896.) 

13. A horizontal beam of sunlight enters a dark room through a 
small hole, and passing through a properly placed crystal of tourmaline 
becomes polarised. If the tourmaline were made to rotate rapidly 
about an axis coincident with the ray, state and explain the appearance 
you would see if you looked at it through a Nicol’s prism. (A. 1897.) 

14. Enumerate the different kinds of polarised light, and explain 
how they may be distinguished from one another, and from common 
light. (H. 1896.) 


DOUBLE REFRACTION 

15- ihc plane of polarisation of light traversiiiP- -i ,Aiaf r 
‘•tU perpendicular to the axis is rotaSd and rhT , J of quartz 

proportional to the square of the waveingdi dTso n "" 

Jo verify these statements. (I-f. 1894 ) ^ I^esciibe experiments 

li .r im,.s.,ri„„ U,“ Jtre «1 ht also dcscribe some form of instrnme,, t 
(I-ond. B.Sc Pass; isl.) t-P ■”«»» of Ihis property. 

i«.iarisS'%iI ‘ aiXT) ‘““’"s ‘■“f 
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r. hind the index of refraction Of the given opaque plate bymea.suring 
(lie polarising angle. (Lend. B.Sc. Hons. 1895 and 1899.) 

lier’mnf 0^^ the plane of polarisation of soda light 

(M. 1894.) ^ ^ quartz travensed by light parallel to its axis. 

3. ^Determine the .sign and magnitude of the rotation of the plane of 
polan.satKin produced by i cm. of the given solution. (H. 1897.) 

4. _ o det^ermine the proportion of sugar present in a .syrup by the 

roiation of the plane of polarisation. (H. 1892.) ^ ^ 


CHAPTER XIX 


THEORIES OF REFLECTION AND REFRACTION 

In the present chapter a short account will be given of some 
attempts which have been made to explain the phenomena 
attending the reflection and refraction of light, in terms of the 
properties of an elastic solid. Fresnel’s theories, which will 
chiefly concern us, are not dynamically sound, since certain of 
his assumptions are at variance with exact mechanical principles, 
and there are, moreover, inconsistencies amongst the assump- 
tions themselves. But the results obtained are in very close 
agreement with the experimental evidence at our disposal ; in 
far better agreement, indeed, than those of many later and more 
consistent theories. 

Isotropic and .^olotropic Media. — A substance is said to be 
homogeneous, when all parts of it are exactly alike ; otherwise, 
it is said to be heterogeneous. Thus, glass is homogeneous, 
while granite, which is a mixture of small portions of quartz 
and mica in a matrix of felspar, is heterogeneous. A homo- 
geneous substance may possess different properties in different 
directions. Thus, a piece of rolled metal will have different 
tensile strengths along and across the direction in which it was 
rolled. Substances which possess the same properties in all 
directions are said to be isotropic ; those possessing different 
properties in different directions are said to be aolotropic or 
anisotropic. A substance may be isotropic with respect to 
certain physical agencies, and seolotropic with respect to others. 
Thus, many crystals are seolotropic with regard to light, pro- 
ducing polarisation, which differs in different directions ; but 
all attempts to detect any difference in the gravitative attraction 
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of a crystal in different directions have proved futile. A sub- 
stance naturally isotropic may be rendered solotropic by certain 
physical agencies j thus, glass, when submitted to mechanical 
strain, behaves toward light in some respects like a crystal. 

Isotropic Media 

General Conditions. — In order to account for the trans- 
mission of light through space, we assume the existence of an 
all-pervading, imponderable medium termed the lummiferous 
ether ; through this medium waves are transmitted, and when 
these waves^ possess periods lying between certain limits, they 
constitute light. The phenomena of polarisation force us to 
conclude that the direction of vibration of the ether particles is 
paiallel to the wave-front, and, in isotropic media, perpendicular 
to the direction of the ray. Hence, has arisen the theory that 
the ether possesses properties similar to those of an elastic solid. 
The spaces between the molecules of material substances are 
supposed to be occupied by the ether, and ethereal vibrations 
tend to move the material molecules, the reactions of the latter 
affecting the properties of the ether, either as regards its effective 
density or its effective elasticity. 

Fresnel’s Theory of the Eeflection of Light at the 
Plane Surface of a Transparent Isotropic Medium.— 
We have seen that light reflected at a certain angle from the 
plane surface of a transparent medium is polarised in the plane 
of incidence, while the refracted light is partially polarised In a 
perpendicular plane ; and, that there is satisfactory experi- 
mental evidence that the vibrations of the polarised light are 
perpendicular to the plane of polarisation. Thus, the vibrations 
of the reflected polarised beam are perpendicular to the plane of 
incidence, while those of the refracted polarised beam are in 
the plane of incidence. In Fresnefs time experimental evidence 
on this latter point was altogether wanting ; with rare insight, 
however, he made the correct assumption in this respect. 

His second assumption, which is merely an instance of the 
universal law of the conservation of energy, was that in a given 
time the energy carried up to the surface of the medium by an 
incident pencil of light, is equal to the energy carried away from 
it by the corresponding reflected and refracted pencils. 

L L 
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In Fig. 275} AB, CD, and CE, be the incident, reflected, and 
refracted wave-fronts of parallel pencils of light. Then, if is the 

velocity of light in the upper 
medium, the energy contained 
by a length of the incident 
pencil will reach the reflecting 
surface, and the energy contained 
in an equal length of the reflected 
pencil will travel away from it, in 
one second. If is the velocity 
of light in the lower medium, the 
energy carried away from the sur- 
face in a second through this 
medium will be that corresponding 
to a length of the refracted 
pencil. Let a, b, c, be the re- 
spective amplitudes in the incident, reflected, and refracted pencils. 
Then, if p^, P21 the respective densities of the upper and lower 
media, the energy per unit volume of the incident, reflected, and 
refracted pencils will be respectively proportional to p^b\ and 
P2C^ (p. 276). 

Thus, since the breadth, perpendicular to the plane of the paper, of 
all three pencils will be equal, we have — 

Energy of length of Incident pencil oc p^a^v ^ . AB. 

’> j) }> Reflected ,, (x pib"z/-i. CD. 

j’ >) of Rsfr3.cted ,, oc 02^^02 . CE. 

Let z and r be the angles of incidence and refraction. Then, 

^ BAG = z DCA = i, and z ACE = r. 

Also, AB = CD = AC cos z, and CE = AC cos 



Fig. 273. — Incident, Reflected, and 
Refmcted Pencils. 


Then, according to the law of conservation of energy, we have— 
PiCzH'i . AC cos z— pib^i . AC cos z+ P2£''^^2 • cos z. 

~ cos z = pgz/gc^ cos r. .... (i) 

Fresnel’s next assumption was that the elasticity of the ether 
is the same in all media, so that the velocity with which light 
will be transmitted through them will vary invei'sely as the 
square roots of their optical densities (p. 273). Thus— 


^2 




£2 ; =P2^2^ 

Pi 
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If the index of refraction from the upper to the lower medium is equal 
to jx, then Vijv^ = /t, and we have — 

^ _ 1 _ sinr 
P2^2 H- sin i' 

Substituting in ( I ), we obtain— 

/ « rox .sinr ■ 

- b^) cos t cos r. 

sm z 

d^~ ( 5 * = c'^tan zcotn (2) 

We have thus obtained one equation between the quantities 
«, b, and c. In order to determine b and c in terms of a, we need 
yet another equation. 

In order to obtain this second equation, Fresnel reasoned as follows : 

At any point in a medium traversed by waves, the displacement of an 
ether particle will be produced by the joint action of the various waves 
passing through that point. In the upper medium (Fig. 273), there 
will be two trains of waves, corresponding to the incident and reflected 
light pencils ; while, in the lower medium,, there will be only one train 
of waves, corresponding to the refracted pencil. At two points, in- 
definitely near to, and on opposite sides of, the surface of separation of 
the media, the component displacements parallel to the surface must be 
equal, since otherwise there would be slipping between the ether particles 
on opposite sides of the surface. Let us assume that incident waves, 
vibrating in the .plane of incidence, give rise to reflected and refracted 
waves, also vibrating in the plane of incidence j while incident waves, 
vibrating perpendicularly to the plane of incidence, give rise only to 
Waves vibrating perpendicularly to the plane of incidence. Further, let 
us assume that no phase change, other than can be denoted by a change 
of sigii (z. e. other than a phase change of tt), occurs at reflection or 
refraction. Then, if the sum of the component amplitudes of the 
incident and reflected waves, resolved parallel to the surface of separa- 
tion, is equal to the amplitude of the refracted waves, resolved in 
the same direction, the displacements on opposite sides of the surface 
will be equal, and no slipping will occur. The application of this 
principle will vary, according as the incident waves vibrate in, or 
perpendicularly to, the plane of incidence. 

Light Polarised in the Plane of Incidence.— In this case the 
vibrations in the incideht, reflected, and refracted wave fronts 
wUl all be perpendicular to the plane of incidence, i.e. perpen- 
dicular to the plane of the paper in Fig. 273. Just above the 
refracting gprface, the resultant displacement is equal to the 

L L 2 
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sum of the incident and reflected wave di.splacements, i.e. to 
+ b) Just below the refracting surface the displacement 
IS equal to c. 1 hus, for there to be no slipping at the surface—. 

b =. c 

Dividing (2) by (3), we obtain— 

a - b = c tan i cot r. 

Adding (3) and {4) we obtain— 

2a = £■(! + tan f cot r) = c ^ ^ si n(/ 4- r) 

cos t sin r cos i sin r 

. _ 2a cos i sin r 

sin(z + ry (S) 

Subtracting (4) from (3), we obtain— 

zb = c{\ - tan fcotr) = ,5 .0^ ^ sin r - sin i cos r _ _ _ sin(? - r) 
cos z sin r cos i sin r ' 

. , _ sin [i - r) 

■ “sV{7t;) (6) 

angle than the incident ray i>r), then the second medium 

Is e c T ('■- '•) Also, 

ifatse ■ *,™?* ™ POSitiv'C' Thus, 

If at any instant the incident wave displacement at the surface 

0Dnos°ir J'""'”"’ reflected wave displacement will be in an 
opposite direction, since the signs of b and n are opposite ■ or 

When 'JefleCio ” medinnn 

hen reflection occurs at a rarer medium, i<r, and sin ii - r) 

rerge^rpSre.**-' 

mil;, “of ™ 

cos i - r Th„= L i. • 1 quantities, and 

“o^ri incidl”;! "’™'"™® '■= '•'• ■” - fl-, for 

^ + r fz. + 1 

( 7 ) 

c ~ za • T- — = 2a . — 

^ fi + I 

The intensity of a pencil will be proportional to the rate at which 
of the velocity, the density, and the square of the amplitude (p. 276). 
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Thus, the intensities of the incident, reflected, and refracted pencils 


M - I 

jU + I 


normal incidence, will be respectively proportional to a^, cv 

5 ^ 4 ) -^7 = = This result has 

been verified photometrically by Arago, and for thermal radiations by 
by Trevostaye and Desains. 

Light Polarised Perpendicularly to the Plane of Inci- 
dence.— In this case the vibration in the wave-front will be 
in the plane of incidence, or along the lines AB, DC, EC 
(Fig. 273). The positive direction for a is from A to B (Fig.’273), 
while the positive directions of b and c are respectively from 
U to C and from E to C. 

Since 2 BAC = / DCA = i, and i ECA =: r, the components of 
the incident and reflected wave displacements resolved parallel to AC 
will be equal to a cos i and b cos i, while the component of the refracted 
wave displacement resolved parallel to AC will be equal to rcosr. 
Hence, to determine c and b in terms of a, we have— 

[a q- b) cos f = r cos r. (8) 

7 j,Q|. (9) 

Dividing (9) by (8), we obtain— 


a - b 
cos i 


tan i 


, sin t 
a - b = c — . 

sin r 


Also, from (8)- 


a + b = c 


I sin I cos r 

. 2 a = cl — q 

\sin^ cos z 

__ c sin 2z q- sin 2r _ 
2 cos f sin r 

according to the general formula — 


cos;^ 
cos z 

sin z cos z + sin rcos r 

~ c ; 

cos z sin r 

.sin (z q- r) cos (z - r) 
cos i sin r ’ 


. Ai'v) .Aq-B A — B 
sin A q- sin B = 2 sin cos ■ 


c — 2a 


2 

CCS i sin r 


sin (z q- 7 ') cos (z' - 7 ')' 


( 10 ) 


HiS 

Also,- 
" 2 .b = c 
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cos 7 ' 
cos i 


s[n i\ 
sin r/ 


c - sin zc os i __ c sin 27 

cos ?sin r ~ J ~ 

= - (z - r) 

cos z sin z- ~ ■ 

According to the general formula- 

sin A - sin B = 2 cos ^ ~ ^ 

2 2 
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sin 2z 


cos z sin z' 


Therefore, from (lo) 


b = ~ L ^ nos (z + r) si n (z 
2 cos i sin r~ 


r) 


= — a 


tan (z' - 7') 


(II) 


■1X71 /. . tan (z + z") 

these'drcumstencJrA f positive. In 

the second medium is dens^rtlnn [imV 7'^^ 
denser medium. ^ a»tounting to tt on reflection from a 

and tangents of^f Tz^£d Tz surface, the sines 

measures of the corresnondino- 1 ^ 9 "^^ to the circular 

t will be equal to unity. Thifs-^ ~ 

C — 7.<l , — 2/7 ^ 

and ^ ^ M + i' 


i T 


.A* 


incidence. When lieht E ' polarised in the plane of 

on a surface, all vibrftions no™ally (or practically normally) 

executed in the wave-front wh’ surface, since they are 

to the surface. In this case the P'^f P^l (or approximately parallel) 

refracted ray,s, in ^^''^sult is obtained for the reflected and 

P ane the incident light may be polarised. 

When (z + r) = 1 f-o„ / • , v 

2’ (/ + /') = 00, and 


^=- a ^ __ tan (z - r) _ 


' tan (z + jp-) 


In this case a = ^ 


sin r 


sin 


sm i 

TT 


z-\ 


= tan z. 
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Thus, when the vibrations of the incident light are in the plane 
of incidence, and the angle of incidence, z, is such that tan t = a or 
{t + r) = ^l2, the light will be wholly refracted, and no reflected ray 
will be produced. (Compare p. 475.) 

The amplitude of the refracted ray will then be equal to— 


2a 


cos z sin r 


sin {t + r) cos (z — r) 


— 2 a 


I X cos 


[-a-)] 


= 2a- 


sin 2z' 


= 2 a . 


sin^z- 
2 sin z‘ cos z' 


sin-^ r sm r 

» r-^ = a-. . : 

smzsinr sin z 


The intensity (p. 516) of the refracted ray is equal to 

= a^hx. 

Equal amounts of energy pass per second through the planes AB and 
CE (Fig. 273), since EC/AB = cos zYcos i — sin z/cos i = 

As the value of (z + r) passes through 90^, the sign of 
tan (z + r) changes from + to Thus, when (z + r) is just 

below 90 , zz and b will have opposite signs when the second 
medium IS the denser ; when (z + r) just exceeds 90°, a and b 
will have similar signs in the same circumstances. Thus, with 
light vibrating in the plane of incidence, a change of phase 
amounting to zr occurs in the reflected light as the angle of 
incidence passes through the angle of polarisation. 

This result may be verified experimentally in the followine- 
manner. 


Expt. 80.— Arrange two lenses to give Newton’s rings by reflected 
light, and observe these rings through a Nicol’s prism, or other analyser, 
arranged so as to cut off the light polarised in the plane of incidence. 
Then vary the angle at which the rings are viewed. When the angle 
of mcience of the light on the lower lens reaches the polarising angle, 
the rings disappear. On further increasing this angle, the rings 
reappear, encircling a white centre, the colours of the various rings 
being complementary to their previous colours. 


Light Polarised in any Plane. — When the vibrations of the 
incident light are executed neither in, nor perpendicular to, the 
plane of incidence, we may resolve them in, and perpendicular 
to, the plane of incidence, and treat these component vibrations 
according to the above methods. It is clear that, as the angle 
of incidence approaches the angle of polarisation, the component 
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of the reflected wave vibrating in the plane of incidence will be 
uminished and will finally vanish as that anyle is reached, 
hus the effect of reflection of polarised light is to bring the 
ibiations of the reflected light more and more nearly perpen- 
diculai to the plane of incidence as the polarising angle is 
approached, and therefore the plane of polarisation of the 
icflected lay IS rotated toward the plane of incidence as the 
angle of mcidence approaches the angle of polarisation. 

Reflection and Refraction of Unpolarised Light. —It is 
piobable that the vibrations constituting unjiolarised light are not 
Lim' continuously in any particular plane ; at a particular 
point in space, the vibrations of the passing waves may be 
peiformed in a definite plane for a certain time, and then an 
abiupt change m the direction of vibration occur. As the 
oiange light of the spectrum consists of waves of which about 
500 bilhon (soo X loi^) pass a particular point during a second, 
t deal tint many of these abrupt changes may occur during 
a second, while a large number of similar vibrations may stih 
be performed consecutively. ^ 

these abrupt changes in the direction of 
vmiation of the incident light will be inappreciable by the eye 
if they occur at sufficiently small intervals of time ’ 

When unpolarised light is reflected from the surface of a 
tianspaient medium, the component vibrations perpendicular 

Mem to be reflected to a greater 

extent than those m the plane of incidence. From the 

investigation already performed, we see that the ratio of the 
amphtades of the reflected waves, consisting respectively of 

will’ bXa?'to- *“■ 'bo Ptane of polarisatioo, 

tan_g^) sin (f - r) cos (z + r) 
tan {z + r) ' sih^TTr) ‘ cos (/ - r) ’’ 

and the ratio of the corresponding intensities will be equal to- 
cos2(z + r) 

~cos\i -r ) 

'’■ + "I'vays be less 

polansedtntheplaoe of toddence (vibnttbg perpendiculi'Jo 
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that plane) in the beam reflected from the surface of a trans- 
parent medium. 

For an angle of incidence z, given by the equation tan z = ii, 
the light vibrating in the plane of incidence will be wholly 
transmitted, and the reflected light will consist wholly of vibra- 
tions perpendicular to the plane of incidence. This is in 
accordance with Brewster’s law (p, 475)1 and accounts for 
polarisation^ by reflection. The two polarised beams will be 
of equal intensities, since the sum of the component vibrations 
resolved parallel to the plane of incidence will on an average 
be equal to the sum of the components resolved perpendicular 
to that plane. 

Total Internal Reflection. — If light is refracted into a rarer 
medium, then we may write ixi sin z = sin r, where 41 is the 
relative refractive index of the first (denser), with respect to the 
second (rarer), medium. Now, for vibrations perpendicular to 
the plane of incidence — 

, sin (r - z) cos z* sin r - sin z cos z 

0 = a — — -( = a - . — . — : 

sm (z -h r) cos z sm r -1- sm z cos z- 

u cos z sin z’ - sin z’ f/i- sin^ i , , 

= a.— ^ r , . (l 2 ) 

/xcoszsinz smz -/q^sin^z 

For the value of ^ to be real, we must have the quantities 
under the radical signs equal to zero or a positive number. 
Hence, the greatest angle of incidence for which the laws 
previously deduced will hold without modification, will be given 
by the equation - - 

I ~ sin^ i — o, or sin i — 

Ml 

Substituting in (12), we get — 

, ju, cos i sin z’ - 0 

0 = a : — r- — = a- 

cos z sin z H- o 

Thus, the light is totally reflected at the angle of incidence 
z, given by the equation, sin z = i//xi. 

It would at first sight appear necessary that the amplitude. 
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c, of the refracted ray should in these circumstances become 
equal to zero. But 

cos i sin r cos i sin ?' 

C == - V — 2,Ct - 

sin (z + r) cos i sin r + sin i cos r 


— 2a 


/a cos z sin i 

[X cos z sin z + sin z Vi — sin'*^ i 


Hence, when sin i — i, c = 2a. 

In interpreting this result, it must be recollected that ex- 
periment proves that, in the circumstances considered, a 
disturbance really does travel into the rarer medium, but dies 
out within a wave-length or so from its surface (p. 412). 
Hence, we see that the above value of c must be taken as 
referring to the amplitude of this superficial disturbance. No 
appreciable amount of energy passes into the rarer medium, 
owing to the small distance to which the disturbance penetrates. 
When z = 90°, cos z = o, and the value of c, the amplitude of 
the refracted superficial disturbance becomes equal to zero. 
Thus c diminishes as the angle of incidence is increased from 
its critical value to 90°. When fx sin z > i, the values of b and c 
become complex, i.e. they take the form A + • B. 

To understand the meaning of this, it must be remembered 
that we have assumed that no change of phase occurs in the 
reflected or refracted rays, other than that which corresponds 
to a reversal of sign {f.e. to an acceleration or retardation by 
?r). This assumption we have found to lead to consistent 
results except when light is incide 7 it ofi a rarer tnedium, the 
angle of incidence being greater than the critical angle. If, in 
this case, we assume the occurrence of phase changes in the 
reflected and refracted lights, varying continuously with the 
angle of incidence, we can here also obtain consistent results. 


The general nature of this assumption can be understood by referring 
to Fig. 274. 

Let a line, OA , rotate about O in a time equal to the period of 
vibration of the incident light-waves. Then, if OA = a, the displace- 
ment of an ether particle at the surface of separation of the two media, 
due to the incident light, will at any instant be given by Oa, the hori- 
zontal projection of OA'. A similar construction may be used to 
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determine tire displacement of an ether particle due to the reflected or 
refracted light, the period of vibration being in all three cases the same. 
Now, assuming that there is no change of phase in the reflected or 
relmcted lights the equation, 

« + means that the 

line of length c, which must 
rotate aliout O, in order to 
give the displacement in the 
refmeted pencil, must be 
equal to OA -I- AB, where 
OA = a, and AB = L But, 
if a change of phase occurs, 
let the angle COB indicate 
the difference in phase be- 
tween the refracted and 
incident waves. Then the 
line OC must be the result- 
ant of OA and AC, where 
AC is the amplitude of the 
reflected wave, so that the 
angle CAB must denote the 
phase change in the reflected wave. In the case of total reflection, 
the numerical lengths of OA and AC must be equal (since a = b), and 
therefore, as the amplitude of the superficial refracted disturbance 
decreases, with an increase in the angle of incidence, so as to reach the 
value zero when i = 90°, the phase change of the reflected light must 
increase. 



Fig. 274. Phase Changes in the Reflected 
and Refracted Waves. 


Reasoning based on the principles explained above shows 
that in the case of light polarised in a plane perpendicular 
to the plane of incidence, as in the case of light polarised 
in the plane of incidence, the phase change due to internal 
reflection increases from o to tt, as the angle of incidence 
increases from its critical value to 7r/2. But for an angle of 
incidence between these limits, the phase change due to internal 
reflection of light polarised in the plane of incidence will differ 
from that of light polarised in a plane perpendicular to the plane 
of incidence. Fresnel calculated that, in the case of glass, 
internal reflection at an angle of incidence equal to 55° would 
produce a difference in these phase changes, amounting to 77/4. 

Fresnel’s Rhomb.— To test his conclusions, Fresnel con- 
structed a rhomb of glass (Fig. 275) such that a ray of light, 
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AB, could enter normally at one end, and then, after being twice 
internally reflected at equal angles of incidence of 55°, should 
emerge normally from the opposite end. If the incident light is 
polarised, its vibrations making an angle of 45° with the plane 
of incidence, then the component vibrations, resolved perpendi- 
cular and parallel to the lalane of incidence, will be equal. A 
phase difference of Tr/q should be in- 
troduced between the two sets of 
vibrations at each reflection, so that 
the emergent light should consist of 
two equal trains of waves, vibrating 
at right angles to each other, and 
differing in phase by 77/2. Thus, every 
particle of the ether in the path of 
the emergent light should move in 
a circular orbit, in the plane of the 
vvave-fiont (p. 501). In other words, 
the emergent light should be circularly 
polarised. 

This was found to be the case. 
Moreover, as was anticipated, if the 
r .-u 1 r ■, entering light is circularly polarised a 

Luther change of phase amounting to Trjz is introduced between 
the component vibrations, so that the total phase difference 
amounts to tt, and the emergent light is plane-polarised, in a 

TT r ? with the plane of incidence. 

If elhptically polarised light is passed through a Fresnel’s 
rhomb, the axes of the elliptic vibrations being respectively in 
and perpendicular to, the plane of incidence, a further difference 
of phase amounting to n/z is introduced between the com! 
ponent vibiations, which already differ by 77/2 (p. 246) so 
that plane-polarised light is produced in this case also. • ’ 
eory of MacCullagh.— Fresnel assumed, as the con- 

thlrthe I-"""!'" of separation of two media, 
that the displacements, to the surface, of ethe^ 

particles on opposite sides of it, should be equal, so as to avoid 

thaMh? dL* r equally necessary 

hat the displacements, ferpendicular to the surface, should be 

equal, and m the same direction ; otherwise there would be a 
separation between ether particles on opposite sides of the 


Fig. 275.— Fresnel’s Rhomb. 
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surface. MacCullagh worked out the results of the inclusion 
of this latter condition. 


Let us first consider the application to vibrations in the plane of 
incidence. 

Let the positive direction of the amplitude a of the incident light 
be from A to B (Fig. 273). To determine the positive direction of the 
amplitude b of the reflected light, notice that, at normal incidence, AB 
will coincide with DC ; thus, the positive direction of b is from D to C, 
Similarly, the positive direction of c is from E to C. Now, the com- 
ponent of «, resolved perpendicularly to the surface, will be equal to 
a sin BAC = a sin i. This will corresjDond to a displacement upwards 
from the surface. The component of b, resolved perpendicularly to the 
.surface, will be equal to ( 5 sin DCA = ^sin z', directed downwards \.o- 
ward the surface. lienee, the displacement of an ether particle near 
the surface, in the upper medium, will be proportional to {a - b) sin i, 
directed tipwards from the surface. 

Similarly, e sin r will be proportional to the displacement of an ether 
particle near the surface, but in the lower medium ; the direction of the 
displacement in this case also will be upwards. Hence, in order to 
avoid separation at the surface, we have — 

{a - ( 5 )sinf = fsinr . . . (no separation) . (13) 

Also — 


{a + b) cos z = c cos r (no slipping) . (14) 

Multiplying these equations together, we obtain — 


{d^ - b'^) sin i cos i = c® sin r cos r. 


(15) 


Substituting = sinz'/sinrin the energy equation (i), p. 514, we 
obtain — 

- (^^) sin z cos z' = pgC® sin r cos n . . . (16) 

Equations (15) and (16) can only be rendered consistent by writing 
Pi = p2- Thus, in. order that there should be neither slipping nor 
separation at the surface, the densities of the two media mtist be equal, 
the difierences in the velocity of light being due to differences in the 
elasticity of different media. 

Solving (13) and (14) for (b) and (r) in terms of a, we obtain— 
a (sin z cos z -f- cos z sin z) = c (sin r cos i -t- cos r sin z) = c sin (z + r). 
aa sin i cos z 


sin (z’ -f- r) 


(17) 
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b (cos i sill i + sin i cos i) = c (cos r sin i - sin r cos i)~ - c sin {i - r) . 

sin {t - r) sin {i - r) 

= - a — ' 


b = - c- 


' 2 sin icos i ^ sin {i + r)’ ' ' 

Equations (17) and (18), according to MacCullagh’s theory, give the 
amplitudes of the refracted and reflected waves, when the vibratmis are 
m the plane of mctdcnce ; are identical with Fresnel’s equations, 
(S) and (6), p. 516, referring io vibrations perpendicular to the Mane 
of incidence, except that the value of r is increased in the ratio 
sin ijsm r = fx. 

For vibrations perpendicular to the plane of incidence, we have- 
a + b = c, 

since the vibrations are parallel to the surface, and therefore no separa- 
tion can take place. Combining this with MacCiillagh’s, energy 
equation (15), we obtain— ^ 


(a - b) sin i cos i=c sin r cos r. 

sin rcos r\ c [ sin zi 4- 


= r + 


c = 2a 


sin i cos ij 2 \ sin i 
sin (z + r) sin (f - r) 
sin i cos i 
sin i cos i 


+ sin 2r \ 
i cos i ) 


Also- 
2^ = r f I - 


sin {i F r) sin [i - r)' 


(19) 


sin r cos r 
sin i cos V 


£ sin 2i - sin 2r _ ^ cos {i + r) sin [i - r) 
2 sin i cos i sin fcos i ’ 


b = - a 


tan {i - r) 
tan {i + r)' 


( 20 ) 

Eqiiations (19) and (20) ore identical with Fresnel’s equations for the 
amphtrrde of the refracted and reflected light, tf „aratu.n, 
r» /tore of me, donee, except that the value of r is increased in the 

rat.0 srn r/srn According to (20), d = o when tan (f + a) = „ 

and , + r = rr/2. Srnce we know from experiment that light polarised 
perpendrcula, to the plane of incidence is totally transrUtted for „ 
angle of mcrdence r, given by the equation r + r = v/2 MacCullaoh^ 
Jesuits can only be brought into conformity with Brewster’s law (p 47,) 
by assuming that & veineUiom of polarised ligM a„ perforiJift 
^ne of polar, satem, instead of perpendicular to it, as assumed by 
Fresnel. As we have seen, it is practically certain that Fresnel’s 
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assumption is correct, so that MacCullagh’s theory must be abandoned. 
On the other hand, Fresnel’s theory cannot be considered sound, since 
It implies a separation of the ether perpendicular to the surface. 


General Summary of our Present Knowledge. -Green has 
fully worked out the problem of reflection and refraction at the 
interface of two elastic solids, when the elasticities are equal and 
the densities differ. He found that there would be no angle of 
complete polarisation. Since experiment shows, that in substances 
of which perfectly plane and smooth surfaces can be obtained 
complete polarisation occurs (p. 476), it follows that Green’s 
theory falls to the ground. The direction of vibration, according 
to Green’s theory, is perpendicular to the plane of polarisation 
as proved by experiment. ’ 

Loid Rayleigh has worked out an elastic solid theory, 
according to which the densities of the two media are the 
same, while their elasticities differ. He found that in this case 
there would be two polarising angles, which is contrary to 
experience. 

Thus, the reflection and refraction of light by isotropic media 
cannot be satisfactorily explained in terms of the properties 
of ordinal y elastic solids. Even when the reactions of the 
molecules are taken into account, as in Sellmeier’s theory (p. 375), 
the difficulties are in no way removed ; as pointed out on p. 283, 
an inciease in the effective density of the medium is produced 
by these reactions, and Fi'esnel’s energy equation still holds. 

On the other hand, F I'esnel’s results are in very close 
agreement with experimental facts ; consequently we may con- 
clude that similar results may possibly be obtainable, this time in 
a satisfactory manner, from some other theory of the nature of 
light, or of the medium by means of which light-vibrations are 
transmitted. 


.^OLOTRopic Media 

General Conditions. Any physical agency, when acting on 
a^ crystal, will generally produce different effects in different 
directions in the crystal. Thus, the coefficient of linear ex- 
pansion of a crystal will have different values in different 
directions, and a similar variation usually occurs in respect to 
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thermal conductivity, hardness, cleavage, elasticity, etc. We 
have also seen that the refraction of light by a crystal presents 
characteristics which vary with the direction of vibration. 

Fresnel assumed that, when a plane light- wave passes through 
a crystal, the direction of vibration of an ether particle is always 
parallel to the wave-front, and. perpendicular to the direction in 
which the wave is transmitted. Fie further assumed that the 
restoring force called into play by the displacement of an ether 
particle, depends on the absolute displacement of that particle. 
As we have seen (p. 274), according to a correct elastic solid 
theory, the restoring force depends on the displacement of a 
particle relatively to surrounding particles^ so that FresnePs 
assumption in this I'espect is defective. Indeed, on this 
assumption, it is difficult to see how vibrations could be handed 
on from particle to jaarticle, so as to constitute progressive 
waves ; any mechanical connection between neighbouring 
particles would necessitate reactions depending in some manner 
on their relative displacements. However, if we accept FresnePs 
assumption, the coefficient of elasticity of the ether must be 
measured by the restoring force called into play by a unit linear 
displacement of an ether particle. The velocity of wave pro- 
pagation being assumed to be equal to the square root of the 
ratio of the elasticity to the density of the ether, from a loose 
analogy with the reasoning given on p. 271, it follows that, if the 
restoring force on an ether particle varies with the direction of 
displacement, the velocity of wave transmission will vary with 
the direction of vibration in the wave-front. It should be noted 
that FresnePs theory contemplates only motions of the ether ; 
the reactions of the matter molecules are supposed 7nerely to 
modify the elasticity of the ether^ so that ethereal displacements 
in different directions call into play different restoring forces, 
while the density of the ether is unaffected by the presence of 
matter molecules; this is, of course, quite inconsistent with his 
assumptions made to explain the I'eflection and refraction of 
light by isotropic media. 

Principal Axes of Elasticity. — Fresnel next assumed that, 
within a crystal, thei'e are three directions, each one being at 
right angles to the plane containing the other two, characterised 
by the property that in either of them the displacement of an 
ether particle, and the restoring' force called into play, are in 
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the same straight line. The restoring forces corresponding to 
unit displacements along these directions are defined as the 
principal (optical) elasticities of the crystal. 

Drawing three straight lines parallel to these directions, so 
as o intersect in a single point, we obtain a system of three 
lectangLilar axes of coordinates. We shall term these the axes 
o a, jj/, and z, respectively. Let the principal elasticities along 
■f, y, and 2, be respectively equal to a\ and c^. 

Consider an ether particle, initially situated at the origin, but 
now displaced through unit distance in a straight line, inclined 
le axes 0 a',/, and s', at angles of which the cosines are 
equal to /g. Then, since the distance of the particle 

from the origin is equal to unity, the rectangular co-ordinates, 
-L jf, s, of the particle will be given by 

ur = 4 X I = /j, y ^ ^ ^ s = 4 X I = 4. 

Thus, the given unit displacement can be resolved into three 
components, respectively equal to 4, 4, h, in directions parallel 
to the axes of .r, jj/, and s. 

The displacement 4, along the axis of r, will call into 
play a restoring force equal to since is the restoring 
force corresponding to unit displacement in that direction. 
Similarly, the component restoring forces along the ^ and s axes 
will be equal to b% and c% respectively. Since the resultant 
restoring force on the particle is equivalent to the three com- 
ponents a 4, and cVg, it follows that the direction cosines 
of this resultant will be proportional to ^24, bH^, and c^L. As 
a consequence, the resultant restoring force will not,' as a 
general rule, be in the same line as the displacement, so that it 
will not tend to bring the displaced particle back to its position 
of equilibrium. The only exceptions occur when the displace- 
ment IS along one or other of the axes. 

Wave Propagation in a Crystal. — Let us suppose that a 
plane wave is transmitted through the crystal. All particles in 
the wave-front will, at a given instant, be displaced in the same 
direction ; and in order that the wave should be transmitted 
without alteration, it is necessary that these displacements 
siould give rise to exactly similar displacements in the new 
wave-front. But if the restoring force on a particle is not in the 
same straight line as the displacement, the reaction of the 
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paiticle will produce in the new wave-front displacements which 
aie not parallel to those in the old wave-front. Thus, the 
character of the wave would alter during transmission. 

It is found that in a given wave-front there are always two 
duections, at right angles to each other, such that a displace- 
ment in either will give rise to a restoring force in the same 
pkme as- the displacement and the wave normal. In these cases 
the restoring force only comprises a component parallel to the 
displacement, and another perpendicular to the wave-front. 
Assuming that vibrations can only be performed in a direction 
perpendicular to that of wave propagation, and therefore in the 
wave-front, the component of the restoring force perpendicular 
to the wave-front can produce no effect on the direction of 
vibration, so that, with respect to vibrations performed in the 
directions mentioned, the component of the restoring force 
lesolved parallel to the displacement is alone operative in 
propagating the waves. Thus, in a given wave-front, there are 
always two directions, at right angles to each other, such that 
vi^ations along these can be transmitted without alteration. 

Thus, we must suppose that a plane wave of unpolarised light, 
after entering a _ crystal at normal incidence, at first passes 
through a transition stage in which the vibrations are con- 
tinually altering their directions in the wave-front. After 
penetrating the crystal to a very small distance, the vibrations 
entirely settle down to two directions in the wave-front at right 
angles to each other. No energy has been lost, and that of the 
incident vibrations will be equally divided between the two sets 
of vibrations transmitted through the crystal. Thus, the trans- 
mitted light becomes polarised in two planes at right angles to 
each other. 

Velocity of Wave Transmission. -The wave-front is always 
perpendicular to the direction in which it is transmitted. The 
two directions, perpendicular to the direction of wave trans- 
mission, and to each other, in which vibrations can be per- 
manently executed, are determined by reasoning similar to that 
explained above. The restoring forces corresponding to unit 
displacernents along these directions will generally be different 
so that the elasticity of the ether for vibrations in these 
duections will also be different. Since the velocity of wave 
tiansmission vanes as the square root of the elasticity of the 
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ether, the vibrations in the two directions defined above will 
produce two separate waves travelling in the same direction 
with different velocities. 

Wave Surface. Let us suppose that, at a given instant, a 
great number of plane waves are passing, in different directions 
thiough a point in a crystal. Corresponding to each direction 
of wave transmission there will in general be two waves travel- 
ling with diffeient velocities, and these will of course traverse 
different^ distances in the same time. If we draw, through the 
given point, a great number of symmetrically distributed straight 
lines, to represent the directions in wdiich the various waves 
aie tiansmitted, we can mark off on each the two distances 
through which waves will be transmitted in the given time in 
that direction. Let a plane be draw^n through each point so 
found, so as to be perpendicular to the line on which the point 
is situated. These planes will represent the various wave- 
fronts. The intersections of these planes will envelop two 
curved surfaces, which constitute the two sheets of Fresnel’s 
wave surface. 

The determination of the equation to this surface con- 
stitutes a problem in Analytical Geometry of Three Dimen- 
sions.i Here we shall content ourselves with the simpler 
problem of finding the intersections of the wave surface by the 
three planes, containing the three axes, taken two by two. The 
mathematical difficulties of the problem are thus greatly dimin- 
ished, while most of the important properties of the surface are 
rendered evident. 

We shall suppose that the three principal elasticities of the 
crystal, along the axes of u-, y, and z, are respectively equal to 
<a;2, and where cfl > > c^. 

Section of the Wave Surface hy the Plane of xz.~Let 
OX, OZ (Fig. 276), represent the axes of and z, so that the 
axis ofjK must be imagined to pass through O perpendicular to 
the plane of the paper. Let BB be the trace of a plane wave- 
front perpendicular to the plane of the paper. Thus N'ON, the 
normal to the wave-front, will lie in the plane of the paper. 

Now, it is obvious that displacements perpendicular to the 
plane of the paper will be parallel to the axis of y, and thus will 
call forth restoring forces parallel to their own directions. Thus, 

1 Its full solution can be found in Preston’s Theory of Light, p. 268. 
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vibrations in this direction can be transmitted without change 
through the medium (p. 530). Displacements along OB, in 
the plane of will possess no component along the axis^ of 
/, so that the resultant restoring force will be equivalent to the 
restoring forces called into play by the component displacements 
along OX and OZ. Since these component forces lie in the plane 
of the paper, their resultant must also do so, and it will therefore 
lie in the same plane as the displacement (along OB) and the 

normal to the wave, 

NON'. Thus, dis- 
placements along any 
line, OB, in the plane 
of the i^aper can be 
transmitted without 
change (p. 530), 
Vibrations Per- 
pendicular TO THE 
Plane of Unit 
displacement perpen- 
dicular to the plane 
of A'S’ will call forth a 
restoring force parallel 
to the axis of y, equal 
to Thus ($2 
elasticity of the ether 

dicular to the plane of xs, and a plane wave vitlrSn/fn^thri 
du-ection wdl travel along ON with a velocity equal ?o jWp 
where p is the density of the ether. Let iVp = ^ThP . n m 
w.ve vib.-ati„g perpendicular to the plane^f xf wiinravd a d“! 
tance equal to /3 m one second. Since this result N inA i 
of the direction of the normal N'ON, all waves of tlw dass 
considered w,l travel through equal distances in a second and 
then traces will give a number of straight lines enveloping a 
circle, with O as centre, and radius = ft This then k fhe 

section of the wave surface corresponding to waves vib 4 ng 
parallel to the axis of f (Fig. 278) ^ violating 

Vibrations in the Plane or xs.-Let ON, the normal to 
le wave-front, mAe an angle 6 with the axis OX. Then since 
OB ,s perpendicular to ON. r BOX' = (w/e)- «. Thul, unit 



Fig. 276 — Illustrat^ Wave Propagation in a 
Crystal. 
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displacement along OB will be equivalent to the components, 
I X cos BOX' = cos ](7r/2) - 6 } = sin 0 along OX', and i x cos 
BOZ = cos 6, along OZ. The corresponding restoring forces 
will be equal to sin 0 and ^-2 cos 0, along OX and OZ respec- 
tively. According to Fresnel’s hypothesis, it is only the com- 
ponent restoring force resolved alo7tg the direction of displace- 
ment which is operative in wave tra?ismission. We must 
therefore resolve the forces acting along OX and OZ in the 
direction of OB, and add the results. We thus get {a^f\v?0 + 
cos 2 0) as the effective restoring force for unit displacement 
along OB. This gives us the elasticity of the ether for dis- 
placements along OB, and the corresponding velocity of trans- 
mission is equal to f 0 -y coP"d)7/^ Let aVp = 

whilst c^p = Then a ’ 


plane wave vibrating in 
the plane of .rz (the wave 
normal being in the plane 
of xz, and inclined to 
the axis ofx at an angle 
0) will be transmitted 
with a velocity equal to 
V (a2 sin2 0 -h cos^ 0). 

On ON mark off a point 
N at a distance equal to 
\l (a2 sin2 d + cos2 0). 
Through N draw the 
straight line DNE per- 
pendicular to ON. Then 
the plane wave (vibrating 
in the plane of xz), of 
which BB is the trace, 
will, after one second, 
occupy a position such 
that DNE is its trace. 



Fig. 277.— Waves vibrating in the Plane 
of xz. 


_ If we now, from O (Fig. 277 ), draw a number of straight 
lines, lepresenting various directions of wave transmission in 
the plane ofxz, and if, through Nq, Nj^, Ng . . . , points found in 
the manner just described, we draw perpendiculars to represent 
the tiaces of the corresponding wave fronts, the intersections of 
these perpendiculars will give us a curve which is the section 
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of the wave surface corresponding to waves vilirating parallel 
to the plane ofa's' (Fig. 277). 

In Fig. 277 the traces of the wave fronts, corresponding to 
ten different directions of wave propagation, are given. It is 
seen that these envelop an oval curve. As the angle between 
successive wave normals (such as N^ONi) is diminished, the 
curve becomes more exactly defined. It will be seen that each 
trace of a plane wave front jrasses through two points on the 
cuive, and as the number of traces is increased, the distance 
between these two points diminishes. Consequently, the traces 
oi the plane wave fronts are tangents to the curve, and the plane 
wave fronts themselves are tangent planes to the wave surface. 

e can, moreover, obtain the eqiiatiofi to this section in a 
compamtively simple manner. Let DF (Fig. 276) represent the 
trace of a wave front of which the normal, represented by OM 
IS very nearly coincident with ON. DE and DF intersect in 
D, so that D must be a point on the wave surface. We must 
determine the equation of all such points as D, obtained by the 
construction described above. 

It can be pr^oved 1 that if the perpendicular distance from the origin 
to a snaight line is p, and this perpendicular makes an angle, e, \\dth 

straight line referred to the 
axes ot X, 2 , is given by x cos 0 + s sin 0 = 

_ Since / = ON (Fig. 276) = sj(a‘^sin^e + y'^cos^e), the equation to 
the straight line DNE is given by— juauun lo 

a: cos 0 4- s sin 0 = (a^sin^ 6 + y^ cos^ 0)*. . ; . (i) 

. • . cos2 e + 2x2 cos 0 sin 0 + sin^ 0 = rS siu® 0+^2 ^osS e. 

. • . (s2 - a2) sin2 0 + 2x2: sin 0 cos 0 + (x^ - y^) cos^ 0 = q. 

Dividing both sides by (2^ - cos2 0, we obtain - 

l-rin2 0 r . „ x2 — '1/2 

^ tan 0 + Z = n. . . . l-,\ 


When definite values are given to x and ( 2 ) becomes a quadratic 
XisTf? “C 'lU'' >>= by twoVa.: 

tan the or Z 

g aie inclined to the axis of x at the angles 0i = / NOX, 
1 The Elements 0/ Co-ordinate Geometry, by S. L. Loney (Macmillan), p. 35. 
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and 02— ^ MOX. If the angle MON is infinitesimally small, these two 
angles should become equal. Thus, if we find the connection between 
X and z, in order that (2) should give two equal values for tan 0, we shall 
obtain the condition that the point (x, z) lies on the curve enveloped 
by the variable straight line given by (i). From (2) — 


tan'-^ 0 + 


- tan 0 + 




__ x'^z'^ — (z^ — a^) {x^ - 
(z^ - a?f 

tan0 = --£^+ ^ - 7 ^) 

^2 _ - V (^2 _ 

In order that this should give two equal values for tan 0, the quantity 
under the radical sign must be equal to zero. Thus— 


x"z^ - ( s 2 - a 2 ) - y1) - + ^ 2.^2 ^ ^ 2„2 _ „ 2^2 ^ q . 

• ' • — 2 + -5 = I. 

or 

It will be seen on reference to a work on coordinate geometry,^ that 
this equation represents an ellipse, the principal semi-axes of which lie in 
the axes of reference ; that in the axis of x having a length equal to 7, 
while that in the axis of z has a length equal to a. This ellipse is the 
section of the wave surface by the plane of xz, corresponding to 
vibrations in the plane of xz. 


The complete section of the wave surface by the plane of xz 
is thus a circle, of radius and an ellipse, of which the semi-axes 
lie in the axes of .rand z, and are respectively 
equal to y and a. This section is shown in 
Fig. 278. It will be noticed that the ellipse 
and circle intersect in four points, «n two 
straight lines. This is due to the circum- 
stance that the plane of xz contains the axes 
of greatest and least elasticity of the crystal.’ 

We shall afterwards find that it has important 
consequences. 

Section of the Wave Surface by the 
Plane of xy . — To find this, we proceed ex- 
actly as in the case of the section by the plane 
of xz. In Fig. 276 we need only imagine that the line OZ 

1 Loney, p. 226. 



Fig. 278.— Section 
of Wave Surface 
by Plane of xz. 



LIGHT FOR STUDENTS 


CHAP. 


lepiesents the axis of j/j while the axis of s is perpendicular to 
the paper. 

All vibrations perpendicular to the plane of xf, will be parallel to the 
axis of z, and for these the elasticity of the ether will be equal to c^, so 
that all wave-fronts perpendicular to the plane of xy, the vibrations 
being j^rallel to the axis of z, will be transmitted with a velocity equal 

to = 7. Thus, a circle with radius 7 will be one part of the 

section of the wave .surface by the plane of up/ (Fig. 279). 

Turning our attention to vibrations in the plane of xy, let the wave 
normal make an angle, Q, with the axis of ur. Then the elasticity of the 
ether for vibrations in the corre.sponding wave-front will be equal to 
^ o t f velocity of wave propagation will be equal 

to >y(a-sin e 4- cos'-^ 0), The equation to the line which is the trace 
on the plane of xy of the wave-front one second after it passed through 
the origin, will be given by — 

X cos 6 -f jp sin 0 = (a^sin- 0 -f 32 cos^ 

and, proceeding in the manner previously explained, we find that, if 
various lines for different values of 0 are drawn, they will envelop the 
ellipse, given by the equation— 

x^ y'^ 

Thus, the section of the wave surface by the plane of xy 
consists of an ellipse, of which the semi-axes agree with the 
reference axes of x and y, and 
have the values ^ and a respectively, 
together with a circle of radius 7. In 
this case the circle lies entirely within 
t'he ellipse (Fig. 279). 

Section of the Wave Surface by 
the Plane of —The student 

Fig. S79.-Section of Wave difficulty in proving 

Surface by Plane of xy. that this Will Consist of an ellipse, of 

which the semi-axes agree with the 
reference axes of z andjq and have values respectively equal to 
/3 and 7 ; together with a circle of radius a. In this case the 
ellipse is entirely enclosed by the circle (Fig. 280) 

General Form of Fresnel’s Wave Surface. -This can be 
seen from Fig. 281, which gives a perspective view of the 
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sections by the three reference planes. Fig. 282 shows the wave 
surface with the front half of the outer shell removed. 

Principal Eefractive Indices of a Orystal.—From the 
reasoning already employed, it follows 
that all plane waves, vibrating iDarallel 
to the axis of x, will possess a velocity 
equal to a. Let Vq be the velocity of light 
z« vacuo. Then the refractive index of 
the crystal for waves vibrating parallel to 
the axis of -r will be equal to Wg/a. Simi- 
larly 2/(,//3 and 2/0/7 will be the refractive 
indices for waves vibrating parallel to the 
axes of y and a', respectively. The quan- 
tities z/q/o, 2/o/^, and 2/0/7 termed the 
principal refractive indices of the crystal. 

Direction of theEay.-LetED, FD (Fig. 276), represent two 
nearly parallel plane waves which passed simultaneously through 

theoriginO. Since the 
medium is teolotropic, 
the distances travelled 
by these waves will be 
unequal ; in the figure 
OM > ON. In the 
immediate neighbour- 
hood of D the two 
waves reinforce each 
other ; thus, D will 
be a position of maxi- 
mum disturbance. At 
other points the dis- 
placements due to 
these waves will be 
neutralised by other 
waves in different 
phases. Hence the 
disturbance produced 
by the waves ED and 
FD will only be sen- 
sible at D. It is obvious that the disturbance at D has previously 
passed along the line OD j thus OD is the ray corresponding' to 




Fig. 280. — Section of Wave 
Surface by Plane of yz. 
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plane waves sensibly parallel to ED. It must be noticed that in 
general the ray is not perpendicular to the wave-front. 

Connection between Ray and Vibration Directions.— We 
can now deduce an important law, connecting the direction of 
vibration in a plane wave front with the direction of the ray. 
Since DNO (Fig. 276) is a right-angled triangle, DN is the 



Fig. 282.— Fresnel’s Wave Surface, with front half of Outer Shell removed. 

projection of OD on the wave front. But the vibrations corre- 
sponding to the wave front of which DNE is a section, are in 

the plane of the paper, and are therefore along DN. Thus if we 

project the ray on the corresponding wave front, we obtain the 
direction of vibrations in that ray. 

Optic Axes, In the plane of xs, which contains the axes 
of greatest and least elasticities ’ of the crystal, there are two 
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directions of wave propagation such that the velocity of trans- 
mission is the same, whatever may be the direction of vibration 
in the wave front. 

From the reasoning on pp. 532-3, we see that vibrations 
perpendicular to the plane of xz are transmitted with a uni- 
foim velocity equal to whatever may be the direction of wave 
propagation. Vibrations in the plane of xz are transmitted 
with a velocity equal to— 

V sin^ & cos^ 6 ) = s/ (y2 -f (a^ — sin^ 6 ), 

where 6 is the inclination of the wave normal to the axis of x. 
Now, Ay(y2-|-(«2_y^ 2jj^2 will increase from y to a as ^ is 
increased from o to 7r/2, and since a > /3 > y (p. 531), it follows 
that for some value of 6 between these limits we shall have— 

[y^ + {cfi — y2) sin^ = /3. 

For this value of 6 , vibrations in, and perpendicular to, the 
plane of xz will be transmitted with equal velocities, and it can 
be proved that in this case all vibrations, whatsoever may be 
their directions in the wave front, can be transmitted without 
alteration with one uniform velocity. 

To find the values of 0 for which this occurs, we have — 

7 ^ + (a^ - 7^) sin 2 0 = (rZ _ yi) sin^ e = 0^ - 7 ^ 

and 



The meaning of this can be seen on reference to Fig. 283. 
As already explained (p. 534), the trace of a plane wave front 
on the plane of xz will be a tangent to the section of the 
corresponding sheet of the wave surface. As a general rule, 
tangents to the ellipse and circle (Fig. 283), which are perpen- 
dicular to one common direction, will not coincide, so that there 
are generally two different velocities of wave transmission in a 
given direction, corresponding to vibrations in, and perpendicu- 
lar to, the plane of xz. But there are two dii'ections of trans- 
mission, equally inclined to the axis of OX, corresponding to 
which a tangent to the circle is also a tangent to the ellipse. 
These directions are determined by the above values of sin 6 . 
Since 6 is the inclination to the axis of x, of the perpendicular 
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from the origin on to the tangent, it follows that the two values 
of 6 correspond to the angles NOX and N'OX, where 

N'OX' = NOX. 

The two directions in a 
crystal, along which plane 
waves may be transmitted 
with one uniform velocity, 
whatever may be the direc- 
tion of the vibrations in 
the wave front, are termed 
the optic axes of the 
crystal. 

Thus, in Fig. 283, which 
represents the section of 
the wave surface of a 
crystal by the plane con- 
taining OZ and OX, the 
axes of greatest and least 
elasticity, the lines ON and ON^ indicate the directions of the 
optic axes. 

Internal Conical Refraction. — Although plane waves travel 
along the optic axes of a crystal with one uniform velocity, 
whatever may be the direction of vibration in the wave front, 
the corresponding rays will pursue very different paths. In 
Fig. 283, OM represents the direction of the ray corresponding 
to vibrations in the plane of .rs- {i.e. along MN), while ON 
represents the ray corresponding to vibrations perpendicular 
to the plane of xs {i.e. perpendicular to the plane of the 
paper). 

The ta7igent hne NM (Fig. 283) touches the ellipse and circle 
at points M and N. Sir William Hamilton proved, however, 
that the tangent plane, of which NM is the trace, touches the 
wave surface along a circle of which NM is a diameter. The 
points P, P (Fig. 281), are the centres of small conical depressions 
m^ the wave surface, and the tangent planes of which NM, 
N M aiethe traces, cover these up, making contact with the sur- 
face along a circle (compare Fig. 282), But, corresponding to each 
point of contact between the tangent plane and the surface, there 
will be a definite ray of light ; consequently there will be a 
hollow cone of rays, diverging from O, and passing through the 



Fig. 283. — Optic Axes of a Crystal. 
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ciicle of contact. Since all of these rays correspond to coinci- 
dent plane waves, if they are refracted into the air from the 
crystal they will be rendered parallel, and will produce a hollow 
cylinder of rays (Fig. 284). 

At Sir William Hamilton’s invitation, Dr. Lloyd made an 
experimental inquiry into 
the truth of this conclu- 
sion. He chose a crystal 
of aragonite, since in that 
case the angle of the 
internal cone is greater 
than in most other crys- 
tals, and its principal 
indices of refraction had 
previously been carefully 
measurecl by Rudberg. 

The crystal was cut with 
its two opposite faces 
perpendicular to the axis of least elasticity, and a very narrow 
linear pencil of light, passing through the apertures in two screens 
(Fig. 285), was refracted through the crystal in the plane con- 
taining the optic axes of the crystals. By moving the screen 
placed in contact with the upper surface of the crystal, the angle 

of incidence was 
varied. The re- 
fracted rays, after 
passing ■ through 
the crystal, fell on 
a screen EF, and 
in general pro- 
duced two white 
spots ; but at a 
certain angle of 
incidence these 
spots enlarged so 
as to form a luminous ring with a dark centre, so that Sir 
William Hamilton’s prediction was fully verified. The angle 
of incidence at which this occurred was found by receiving the 
reflected ray OK on a screen, so that the value of the angle was 
obviously equal to half the angle SOK. The angle so found was 



Fig. 285. — Method of observing Internal Conical 
Refraction. 



Fig. 284. — Internal Conical Refraction. 
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in perfect agreement with theory, as was also the vertical angle 
of the internal cone of rays. 

Mr. W. B. Croft has obtained a photograph by allowing the hollow 
cylinder of rays emerging from the crystal to fall on a photographic 
plate. The screen placed in contact with the surface of the crystal was 
perforated with five small apertures, so that five narrow linear pencils 
were refracted through the crystal. ' The central aperture was in such a 
position that the pencil admitted by it formed the internal cone of rays ; 
corresponding to this aperture we have the central bright ring (Fig. 286). 
The pencils admitted by the other apertures were inclined to the direc- 
tion in which internal conical refraction occurs, so that the emergent 
pencils were not cylindrical. The manner in which the two images, 
due to double refraction, are related to the single circular image due to 
internal conical refraction, is strikingly shown. 

Polarisation of Cone of Pays. — It has already been remarked 
that the vibrations corresponding to the rays OM and ON 
(Fig. 287) are performed in directions at right angles to each 
other. It can easily be seen that any two 
rays, passing through points at opposite 
ends of a diameter to the circle of contact 
of the tangent plane and wave surface, 
will be polarised at right angles to each 
other. 

For, let ON (Fig. 287) correspond to ON 
(Fig. 283), while NPQ represents a per- 
spective view of the circle of contact. 
Then ON is perpendicular to the plane of 
the circle NPQ. Let P, Q, be any two 
points at opposite ends of a diameter PQ to the circle of contact. 
Then the projection of OP on the plane of NPQ (which is the 
tangent plane to the surface at P) will give the direction of 
vibration at P ; this is seen to be equal to PN. Similarly the 
vibrations in the ray passing through Q will be in the direction 
QN. But PN and QN are at right angles, since /PNQ is 
subtended at a point N, on the circumference of the circle PNQ, 
by the diameter PQ. 

Axes of Single Eay Velocity. — The ray velocity must not be 
confused with the wave velocity. Corresponding to waves trans- 
mitted with uniform velocity in the direction of the optic axes 
of a crystal, there is a number of different rays, of which the 



Fig. 286 — Results of 
Internal Conical 
Refraction. 
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Fig. 287. — Illustrates the 
Polarisation of the In- 
ternal Cone of Rays. 


velocities vary with the directions of vibration in the wave front. 
Thus, in a given time, the ray corresponding to vibrations in the 
plane of .ars- (Fig. 283) will travel 
through the distance OM ; while the 
ray corresponding to vibrations per- 
pendicular to the plane of xs will, in 
the same time, travel through the 
distance ON. 

On the other hand, the lines OP, 

OP' (Fig. 288), are termed axes of 
single ray velocity. These lines cut 
the wave surface at the apex of the 
conical depression before mentioned. 

At this point two tangent planes, per- 
pendicular to the plane of can be 
drawn to the wave surface ; the traces 
of these planes are shown in Fig. 288, 
as tangents to the section of the wave 
surface. But P is the apex of a conical depression. Thus, the 
section of the wave surface by a plane passing through OP, but 

inclined to the plane of xz at any 
angle whatever, will permit of two 
tangent lines being drawn at P, and 
these lines will be the traces of two 
planes perpendicular to the plane 
of section. Thus, at P an indefi- 
nitely large number of tangent 
planes can be drawn, and these 
planes will envelop a cone, termed 
the tangent cone, at the point P. 
Consequently, the ray OP will 
correspond to an indefinitely large 
number of plane waves which travel 
within the crystal with different 
wave velocities, but one single ray 
velocity. 

The direction of the axes of single ray velocity can easily be 
found. F or, if .r, y, are the co-ordinates of the point P, and 
^ XOP = 0 , we have — 



Fig. 2S8. — Tangents to Section of 
Wave Surface. 
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Further, since P lies on the circle {x^ + = /S^), and also on 

the ellipse 

x^ 

-y'S a‘‘ 

we have, substituting for x, 

+ -LLi--?- 

yi a-i ' \ •yS/ yS ’ 

^ = ±„ 7ZZ2, 

V 

and 

sin ffi = - = ± 7: . / '^-5 

jtJ )3 V a'^ - 7 '^ 

External Conical Refraction. — When a ray, after traversing 
a crystal, is refracted into the air, the direction of the I'ay in the 
air is determined by the position of the tangent plane to the 

wave surface at the point 
cut by the ray in the 
crystal. Now, at the 
point on the wave surface 
cut by the ray OP, there 
is an indefinitely large 
number of tangent planes 
enveloping a cone ; there- 
fore the ray OP, after 
emerging ftomthe crystal, 
will separate itself into 
an indefinitely large num- 
ber of rays forming a 

Fig. .89.-Illustrates External Conical 

Refraction. This result, wliich was 

predicted by Sir William 
Hamilton, was verified experimentally by Dr. Lloyd. A conical 
pencil of light was focussed on a point, O (Fig. 290), on the 
upper face of the crystal of aragonite already mentioned. • Two 
diaphragms were placed on opposite faces of the crystal so that 
the line joining the small apertures they respectively possessed 
coincided with the axis of single ray velocity in the crystal. Out 
of the whole cone of rays falling on 0, the rays corresponding to 



Fig. 289, — Illustrates External Conical 
Refraction. 
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a certain hollow cone were refracted so as to coincide with the 
axis of single ray velocity, and finally produced a hollow cone 
of rays on emergence from the lower face of the crystal. Thus, 

an eye placed beneath 

the crystal saw a 
brilliant annulus of 
light, and Sir William 
Hamilton’s prediction 
was entirely fulfilled. 

Eelation between 
the Planes of Polari- 
sation and the Optic 
Axes. — The plane of 
yz passes through the 
axis of S', which is ^ 

the bisector of the of observing E.'cternal Conical 

angle between the 

optic axes. All waves of which the normals lie in the plane of 
are polarised either in, or perpendicular to, that plane 
(P* 536)* It can be proved that the planes of polarisation for 
any wave whatever may be found in the following simple 
manner. From the centre of the wave surface draw a straight 
line parallel to the wave normal. Through this line draw two 
planes, each passing through one of the optic axes. Then 
the planes of polarisation of the two waves with the given normal, 
bisect the internal and external angles between the two planes, each 
containing the wave normal and one of the optic axes. 



We have just seen that this construction will suffice to determine the 
planes of polarisation of waves of which the normals lie in the plane of 
yz. It will also obviously suffice for waves of which the normals lie in 
the plane of xz, for in this case the vibrations are either in, or per- 
pendicular to, the plane of xz (p, 532), and this plane passes through 
the optic axes, and therefore contains their bisector. 

It may also be shown that this construction will suffice for waves of 
which the normals lie in the plane of xy. For let Fig. 291 represent 
the section of the wave surface by the plane of xy. Let AB, ND, be 
the traces of plane waves, of which the normals are parallel to ONM. 
The optic axes lie in a plane through XOX', perpendicular to the plane of 
the paper, and the inclination of one axis to OX is equal to the inclination 
of the other axis to OX'. Imagine planes to be drawn through ON and 

N N 
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the optic axes ; then the external angle between these planes will be 
liisected by the plane of the paper, and the internal angle will be 
bisected by a plane through ON, perpendicular to the plane of the 

paper. The vibrations in the wave 
AB are parallel to AB, and the 
plane of polarisation of this wave 
is therefore perpendicular to the 
plane of the paper. The vibra- 
tions in the wave ND are perpen- 
dicular to the plane of the paper^ 
and this wave is therefore polarised 
in the plane of the paper. 

Dispersion of tlie Optic 
Axes. — The elasticities of the 
ether must be supposed, accord- 
ing to Fresnel’s theory, to vary 
not only with the direction of 
vibration, but also with the 
wave-length of the light trans- 
mitted. As a consequence, there 
will be a separate wave surface 
for each wave-length of light, and, in particular, the optic axes 
of a crystal will be different for waves of different lengths. 

Uniaxal Crystals. — If any two of the principal wave 
velocities, a, 13, y, become equal, Fresnel’s wave surface de- 
generates into a sphere and an ellipsoid of revolution, as as- 
sumed by Huyghens. Thus, let jS = n. Then the sections by the 
planes of .rz and ys are similar, each consisting of an ellipse 
with major semi-axis equal to a, in the direction of the axis of 
z, and with minor semi-axis equal to y, in the direction of .a: 
or y ; together wdth a circle of radius equal to a. The section 
by the plane ofjiy degenerates into two circles, of radii equal to 
a and y respectively (Fig. 279, p. 536). The inner and outer sheets 
of the wave surface touch at their intersection with the axis of s. 
Thus, in this case the axis of z becomes the optic axis, and also 
the axis of single ray velocity of the crystal. The angles 6 and 

(p (PP- 539 and 543) each become equal to This wave surface 

corresponds to a negative uniaxal crystal, such as Iceland spar. 
The ellipsoid is entirely within the sphere (Fig. 261, p. 491). 



Fig. 291. — lllush'atea the relation 
between the Planes of Polarisa- 
tion and the Optic Axes. 
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If we examine the case where y == / 3 , we find that this 
corresponds to a positive uniaxal crystal, such as quartz, in which 
the sphere is entirely within the ellipsoid (Fig. 260, p. 491). 

Returning to the consideration of negative uniaxal crystals, it 
will be seen, on comparison with the method of detevmining 
the sections of Fresnel’s wave surface, that the outer circle, of 
radius a, in the section by the plane of xy, corresponds to 
vibrations in the plane of xy. This circle is obviously the 
section of a sphere of radius equal to a ; and the ray obtained 
by joining the centre of the wave surface to the point of contact 
of a tangent plane (p. 492) coincides with the normal, and is the 
ordinary ray. The corresponding principal plane (p. 487), will 
pass through this point of contact and the optic axis, and will 
consequently be perpendicular to the plane of xy. Thus, the 
vibrations in the ordinary ray are perpendicular to the principal 
plane. Since experiment shows that the ordinary ray is 
polarised the principal plane (p. 487), we see that Fresnel’s 
construction is consistent with the plane of vibration being 
perpendicular to the plane of polarisation. 

Criticism of Fresnel’s Theory.— As already remarked, 
Fresnel’s assumption, that the restoring force called into play by 
the displacement of an ether particle is proportional simply to 
the absolute displacement of that particle, is inconsistent with 
any connection between neighbouring ether particles, and could 
not lead to progressive wave propagation. Another point of 
serious difficulty lies in ignoring the effect of the reaction 
perpendicular to the wave front (p. 530). This reaction would 
lead to the 'production of longitudinal waves. 

It may very plausibly be argued that, if these longitudinal 
waves were formed, they might be unable to affect our eyes as 
light does ; but on leaving the surface of a crystal, longitudinal 
vibrations would originate transverse waves of the same period, 
unless the incidence was normal. Since no such effect has ever 
been observed, Fresnel’s theory must be considered defective in 
this respect also. 

On the other hand, the form of the wave surface obtained by 
Fresnel is in very close agreement with experiment. After an 
exhaustive experimental examination, Mr. Glazebrook came to 
the conclusion that the true form of the wave surface in a crystal, 
though not absolutely in agreement with Fresnel’s consti'uction, 

- N N 2 ■ 
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is so very nearly so that there can remain no doubt as to its 
substantial accuracy. 

Green’s Theory. — Green has investigated the true form of the wave 
surface in an ceolotropic elastic medium having three rectangular planes 
of symmetry. He assumed that the demsity of the ether is everywhere 
the same, but that its rigidity varies with the direction of the shearing 
strain (p. 267). In order to account for the absence of longitudinal 
waves, he assumed that the compressional elasticity is very great in 
comparison with the rigidity. He obtained Fresnel’s wave surface, Irut 
his reasoning led to the conclusion that the viljrations are parallel to 
the plane of polarisation, instead of perpendicular to it. This shows 
that the ' phenomena of double refraction cannot Ije accounted for on 
the supposition that the ether in a crystal has the properties of an 
ordinary elastic solid wdth molotropic rigidity. As Lord Rayleigh ha.s 
shown (p. 527), there would, moreover, in this case be two angles of 
polarisation by reflection. 

Later Theories. — Lord Rayleigh has investigated the form of the wave 
surface in an elastic solid of which the elasticity is the same in all direc- 
tions, while the effective density varies with the direction of vibration. 
This would represent the case of an isotropic elastic solid, embedded in 
which are numerous heaty bodies capable of independent vibrations, the 
period of vibration varying with the direction of displacement (p. 281). 
lie found that the wave surface differed considerably from Fresnel’s, so 
that this theory must be abandoned. 

Lord Kelvin has modified Lord Rayleigh’s theory so as to obtain 
Fresnel’s wave surface on correct mechanical principles. One of the 
great difficulties in these investigations is to account for the absence of 
longitudinal vibrations. The longitudinal elasticity of an isotropic 
elastic solid is equal to (e + trj), where eis the compressional elasticity, 
and Tj is the simple rigidity (p. 269). The longitudinal vibrations will 
be propagated with a velocity equal to V(e -f- ^7()/p. 

Green assumed that e was infinitely great in comparison with rj 
so that the velocity of propagation becomes infinite. Lord Kelvin 
assumes that e -f = o, so that the velocity of propagation is equal 
to zero. This leads to the conclusion that e must be negative, and 
equal to - As a consequence, a diminution in volume would lead 
to a decrease in pressure (measured in the positive direction, z.e. out- 
wards), or to an increased contractile tension. To obtain an idea of a 
medium with such properties, consider a closed vessel entirely filled with 
foam or froth. The surface of each of the small bubbles of which the 
foam is composed tends to contract, on account of its surface tension • 
the enclosed air, however, prevents, col lapse. Suppose that we remove 
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the air completely. The foam would now at once collapse, but that 
t le outside layer clings to the walls of the vessel. Thus an inward pull 
IS exerted on the walls. This pull would increase in magnitude if con- 
traction occurred, while the energy of the foam, which is equal to the 
•surface energy of all the component bubbles, would at the same time 
diminish. 

Lord Kelvin assumes the ether to be of the nature of such foam. Fie 
has teimed it the labile ether. Any alteration of shape would be resisted 
by a definite restoring force, so that transverse vibrations could be pro- 
pagated through it. It would colla23se, however, only for the circum- 
stance that it extends through boundless space. Solid bodies, such 
as the planets, could move freely through it. The ether penetrating 
mattei has its effective density modified by the matter molecules, which 
are supioosed to be capable of independent vibrations. Mr. Glaze- 
brook has shown that on these suppositions we obtain Sellmeier’s 
dispersion formula (p. 375), so that ordinary and anomalous dispersion 
may be explained. Fresnel’s formulae for reflection and refraction at 
the interface of .isotropic media are also obtained. If the molecules are 
arranged symmetrically, their vibration periods being different in 
different directions, so that the effective density of the ether is different 
foi different diiections of disiolacement, the form of the wave surface 
would agree with that obtained by Fresnel. 

Thus Lord Kelvin s theory of a labile ether, in conjunction with 
Sdlmeier’s theory of material particles capable of independent 
vibrations, affords a consistent explanation of reflection, together 
with both ordinary and double refraction. 


Questions on Chapter XIX 

1. Calculate, according to Fresnel’s theory, the intensities of the 
reflected and lefracted rays when light falls upon a transparent medium 
at perpendicular incidence. (FI. 1894.) 

2. Describe the method of exhibiting, and give a general explanation 
of, the phenomena of internal and external conical refraction in a 
biaxal crystal. (FI. 1S97.) 


CHAPTER XX 


COLOURS OF CRYSTALLINE PLATES 

Parallel Rays : Uniaxal Crystal— A parallel pencil of plane- 
polarised light, transmitted normally through a plate of uniaxal 
crystal (such as calcite) cut perpendicular to the optic axis, suffers 
no modification during transmission. If, however, the plate is 
cut parallel to the optic axis, the case is different. The vibrations 
in the incident polarised light are resolved parallel and per- 
pendicular to the principal plane of the crystal (p. 499), and the 
component vibrations are transmitted, as extraordinary and 
ordinary waves, with unequal velocities. On emergence from the 
crystal the light will be polarised in the original plane only 
when the phase difference of the two sets of waves amounts to 
o, 27 r, 47r, Gtt, . . . &c. In general the light will be elliptically 
polarised, and in that case it cannot be completely extinguished 
by an analysing Nicol. Further, the phase difference between the 
ordinary and extraordinary rays depends on the wave-length of 
the transmitted light. Consequently, if the incident light is 
white, the different wave-lengths will be polarised differently on 
emergence, and on analysing the emergent light with a Nicol, 
brilliant chromatic effects will generally be produced. 

I. When the Incident Light is Monochromatic.— T o 
fix our ideas, let ABC (Fig. 292) be the section of an acute- 
angled wedge of quartz cut so that the optic axis is perpendicular 
to the plane of section ABC, and parallel to the thin edge, A. 
Let the double arrow, D, represent the direction of vibration 
in the polarised light ; for simplicity, we may suppose this 
direction to be inclined at an angle of 45° to the thin edge of the 
wedge. Let the incident light be monochromatic, from the red 
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end of the spectrum. Then the nature of the polarisation of the 
light emerging from various parts of the wedge is shown in the 
middle diagram (Fig. 292). The ordinary and extraordinary 
wave vibrations are respectively performed perpendicular and 
parallel to the thin edge of the wedge, and the extraordinary 
wave velocity is less than the ordinary wave velocity. The 
light transmitted at E will suffer no appreciable modification 
owing to the extreme smallness of the path through the crystal. 
As the length of path through the quartz increases, the difference 
of phase between the ordinaiy and extraordinary wave vibrations 
increases, and the emergent light passes through the various 



Fig. 2g2.— Polarisation of Light on Emergence from a Wedge of Quartz. 


stages of polarisation represented (compare Fig. 268, p. 501). 
The unaided eye will, however, be unable to detect any difference 
between the light emerging from different parts of the wedge, 
since the sum of the intensities of the ordinary and extraordinary 
rays is constant (p. 488). If, however, the emergent light is ex- 
amined through a Nicol, the wedge will generally e.xhibit alternate 
bright and dark bands parallel to its thin edge. If the analysing 
Nicol is adjusted so that it intercepts vibrations parallel to D, 
the points E and K will be quite dark. At F and FI, where the 
phase differences amount to irjz and 3n-/2 respectively, ancl the 
light is circularly polarised, the intensity of the light transmitted 
by the analyser will be equal to half that of the incident light. 
At G, where the phase difference amounts to tt, the vibration 
is rectilinear and perpendicular to that of the incident light, so 
that it is entirely transmitted by the analysing Nicol. Thus, 
thei'e will be a bright band at G, which gradually shades off into 
complete darkness at E and K. If the wedge were prolonged 
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toward the right, a number of bands, alternately bright and 
dark, would be encountered. 

If, now, the analysing Nicol is rotated through 90°, so as to 
transmit vibrations parallel to D, and to intercept vibrations at 
right angles to that direction, there will be bright bands at E 
and K, and a dark band at G. Thus, parts of the wedge which 
were bright in the first position of the Nicol, become dark when 
the Nicol is rotated through 90°, and vice versd. 

When the analyser is adjusted so as to transmit vibrations 
parallel, or perpendicular, to the thin edge of the wedge, the 
extraordinary ray is transmitted and the ordinary ray is inter- 
cepted, 01 vice versa. In either of these cases the bands dis- 
appear, and the illuminations become uniform. 

The phase difference <p' , between the ordinary and extraordinary rays 
which have traversed the wedge at a point where its thickness is equal 
to S, is given by — ,i / '•' ■ 

, , s w 

where ^ „ and fi'c are the ordinary and extraordinary re/ractive indices 
of . the crystal for the wave-length x' (compare p. 500). 

^ Let us now turn our attention to the phenomena presented when the 
incident polarised light is from the violet end of the spectrum. The 
phase difference, <p" , between the ordinary and extraordinary rays after 
traversing a thickness, 5 , of the wedge, will now be given by— 

// 5 „ 

^ (2) 


where ^ « and are the ordinary and extraordinary refractive indices 
of quartz for the new wave-length, x". A glance at the table on p. aqc 
shows that the difference between the ordinary and extraordinary 
refrachve indices of quartz is nearly (but not quite) the same for the 
C (red) and G (blue) Fraunhofer lines. Hence, from (2), the phase 
diffeience produced m traversing a given thickness, 5, of quartz is 
approximately inversely proportional to the wave-length of the trans- 
mitted light. Consequently, if we assume the violet light to be of half 

‘ishl emerging v.nri„n' 
parts of the wedge will be characterised by the forms of vibration 
represented in the lower diagram (Fig. 292). If the analysing Nicol is 
adjusted to intercept vibrations parallel to D, we shall have dark bands 
at E, G, and K, and bright bands at F and H. On rotating the 
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analyser through 90°, the bands previously dark become bright, and 
vice versd. 

^ If, now, the incident polarised light consists of a mixture of red and 

J violet rays, and the analyser is adjusted to intercept vibrations parallel 

I to D, the points E and K will be dark ; the points F and li will be 

seen by means of red and violet rays, the violet preponderating ; and 
the point G will be seen only by means of violet rays. On. rotating the 
analysing Nicol through 90°, the point G will be seen only by means of 

I red rays. 

j 

'' 2. When the Incident Light is White.— If we now 

suppose the incident light to be white, there will be a separate 
set of bands for each wave-length, and since the bright biinds 
corresponding to different wave-lengths will be formed at 
different positions, the tint of the emergent light continually 
changes as we pass along the wedge. The colours will be most 
brilliant when the analysing Nicol is arranged so as to inter- 
i cept vibrations parallel, or perpendicular, to those of the incident 

light— that is, when the analyser and polariser are parallel, 
or crossed. When the principal section of the analysing 
Nicol is either parallel, or perpendicular, to the optic axis of the 
crystalline wedge, all traces of colour vanish. If the analysing 
Nicol is adjusted so as to produce chromatic effects, then 
rotating it through 90° will cause the tint of each point to change 
to its complementary. This result follows from the circum- 
stance that the colour at any point is due to the interception of 
certain wave-lengths by the analysing Nicol ; rotating the latter 
through 90'’ allows the wave-lengths previously intercejDted to 
be transmitted, while those previously transmitted are now 
intercepted. 

We may now suppose the quartz wedge to be replaced by a 
' uniform plate of the crystal cut parallel to the axis. The plate 

will appear of a uniform colour, similar to that of the part of 
the wedge which was equal to the plate in thickness. On 
rotating the analyser through 90°, the tint of the light trans- 
mitted changes to its complementary. 

Parallel Eays : Biaxal Crystal.— Selenite is a crystalline 
I form of calcium sulphate (CaSO^ + aligO). It is a biaxal 

5 crystal, which naturally cleaves parallel to the plane contain- 

!j ing the optic axes (p. 538). If light is transmitted normally 

i| through a crystal of selenite, it is divided into two rays travel- 
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ling witli differenl; velocities, the vibrations in these rays being 
parallel and pei'pendicular to the bisector of the angle between 
the optic axes (p. 544). Since in the case considered, the waves 
travel along the axis of y (Fig. 279, p. 536), the velocities of the 
two sets of waves are respectively equal to a and 7, when a > y. 
Therefore, if fj.2, Ps, are the three principal refractive indices 
of selenite for a wave-length X, where < P2 < (P- 537); the 

difference of phase, 0, between the two sets of waves after 
travelling a distance S along the axis ofy, is given by 

(j) = 2ir - fij). 

Quarter and half wave plates may accordingly be made from 
selenite, and the colour phenomena descrilDed above may also be 
produced, the bisector of the angle between the^ optic axes of 
the selenite occupying the same position as the single optic axis 
of the quai'tz. 

Mica is a biaxal crystal which cleaves naturally in planes 
perpendicular to the bisector of the angle between the optic 
axes. Accdrdingly, light transmitted normally through a film of 
mica traverses the axis of s (Fig. 278, p. 535), and is divided into 
two coincident rays travelling with the velocities a and /3, where 
a > /3. Let an imaginaty plane be drawn perpendicular to the 
surface of the mica, so as to contain the optic axes. Then the 
vibrations of the faster ray are performed in this plane, while 
those of the slower ray are performed perpendicular to it. 
Let pi, P2, and pg be the principal refractive indices of 
mica for a wave-length A, where pj < P2 < pg. Then the 
diffei'ence of phase, <j6, between the two sets of waves after 
travelling a distance S along the axis of z, is given by — 

^ = 27r ^ (P 2 - Pi). 

Quarter and half wave plates may be made from mica, and 
the colour phenomena described above may be produced. The 
most brilliant chromatic effects will be obtained when the 
vibrations in the incident light are inclined at an angle of 45“ 
to the plane containing the optic axes, and the analyser is 
adjusted to transmit vibrations parallel, or perpendicular, to 
those of the incident light. 
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Chromatic Elfects, using a Double-Image Analyser. — When polarised 
light is transmitted through a double-image prism, it becomes divided 
into two divergent rays, in which the vibrations are performed in 
perpendicular planes (p. 497). If a double-image prism is substituted 
for the analysing Nicol in the above experiments, two images of the 
crystal will simultaneously be seen, corresponding to the images seen 
separately through a Nicol before and after it has been rotated through 
a right angle. Consequently, the colours of the two images are com- 
plementary ; the portions of the images which overlap appear white. 

I Divergent Rays : Uniaxal Crystal.--Let AB and CD (Fig. 
293) represent opposite parallel faces of a plate of a positive 
uniaxal crystal cut per- 
pendicular to the optic 
axis. The plane of the 
paper is thus a principal 
plane of the crystal (p. 

487.,; A ray, whether 
polarised or not, is trans- 
mitted without alteration 
when incident normally 
on the plate (the crystal 
is supposed not to possess 
the rotary power charac- 
teristic of quartz, p. 503). 

An incident ray inclined 
to the normal is divided 
into two rays which travel through the crystal in different direc- 
tions and with different velocities. Let FG be a polarised ray 
inclined to the normal GN. Draw the trace GH of the incident 
wave front. The vibrations in the latter may be resolved into 
components respectively parallel to GH, and to a line through 
G at right angles to the plane of the paper. The component 
vibrations parallel to GH give rise to the extraordina,ry wave 
front, while those perpendicular to the plane of the paper give 
rise to the ordinary wave front. Draw HD parallel to FG. 
While the incident wave GH is travelling through the distance 
HD, let the ordinary and extraordinary wavelets, generated at 
G, respectively spread out into the sphere KLM, and the 
ellipsoid PLQ. Through D draw the planes DR and DS 
perpendicular to the plane of the paper, touching the sphere and 



Fig. 293.— Ray.s transmitted by Positive 
Uniaxal Crystal. 
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ellipsoid at R and S respectively. Then DR is the ord 
and DS the e.Ktraordinaiy wave front within the crystal. 
GR, produced to O, gives the path of the ordinary ray a 
the crystal, while GS produced to E gives the path c 
extraordinary ray. On leaving the crystal both of these 
become parallel, since they were originally derived fn 
single ray, FG. If the thickness of the crystalline pk 
small, the emei'gent rays will be so close together as to i: 
into one. The result is therefore practically the same as : 
ordinary and extraordinary waves had travelled, with sli 
different velocities, along the line GO. The ordinary 
travels with a uniform velocity whatever may be the inclin 
of its path to the optic axis. On the other hand, the e 
ordinary wave travels with its maximum velocity (equal to 
of the ordinary wave) when its path coincides with the optic 
but its velocity decreases as the inclination of the path t 
optic axis increases. Thus, the greater the inclination oi 
path GO to the optic axis, the greater is the phase differ 
between the ordinary and extraordinary wave disturbances : 
On emergence, the ordinary and extraordinary wave vibra 
combine to produce a resultant vibration which is, in 
general case, elliptical ; circular and rectilinear vibra 
being considered as limiting cases. 


Let us now suppose that the incident iight consists of a pem 
polarised monochromatic rays converging toward the point G o' 
lower side of the crystalline plate. The rays within the plate dr 
from G, and those transmitted along the optic axis suffer no altera 
Produce the line GL to cut AB in T, and with T as centre dra^ 
imaginary circle on the upper surface of the plate ; then points or 
circle will be illuminated by rays which make equal angles witl: 
optic axis. Through each point on the circle passes an ordinary, 
the corresponding extraordinary ray, derived from a single inci 
ray ; and since the phase difference between the emergent ordi 
and extraordinary waves depends only on the inclination of their 
to the optic axis, it follows that at all points on the circle the p 
difference between the emergent ordinary and extraordinary wav, 
constant. We may therefore, with T as centre, draw conseci 
circles, such that each is characterised by a certain phase differ, 
between the ordinary and extraordinary rays passing through 
circumference. " ^ 
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Let AB, CD, and EF (Fig. 294) be quadrants of circles described, 
with 1 ^ as centre, on the upper surface of the pLate. Let the 
phase difterence between the ordinary and extraordinary rays passing 
thiough points on AB be equal to 2Tr, while the phase difference 
corresponding to points on CD is equal to |2ir + (77/2)}, and that corre- 
sponding to points on EF is equal to 3,r. Let the vibrations in the 
incident polarised light be parallel to TF. Radial lines drawn from T 
will indicate the traces of various principal planes of the crystal. The 
amplitude of the incident polarised light may be represented by a 
straight line parallel to 


TF. To find the ampli- 
tudes of the ordinary and 
extraordinaiy rays leaving 
the crystal at a point on 
AB, CD, or EF, draw a 
rectangle with the inci- 
dent wave amplitude' as 
diagonal, and two sides 
parallel to the trace of 
the principal plane pas- 
sing through the point ; 
the extraordinary and 
ordinary wave ampli- 
tudes are respectively 
equal to the sides of this 
rectangle, parallel and 
perpendicular to the trace 
of the principal plane. 



It is now easy to deter- Fig. 294. — Forms of Vibration of Emergent Rays. 


mine the resultant vibra- 


tion in an emergent ray. Since the phase difference between the 
ordinary and extraordinary wave disturbances at points on AB amounts 
to 27 r, which is equivalent to zero phase difference, the resultant 
vibrations are precisely similar to the incident wave vibrations. At 
points on CD the two rectangular vibrations, virtually differing in 
phase by 7r/2, combine to produce vibrations which in general are 
elliptical. At the point D there is no ordinary wave vibration, since 
the incident wave vibration is parallel to the principal plane, and is 
therefore transmitted as an extraordinary wave. Thus, at D the wave 
vibration is similar to that of the incident light. At C only an ordinary 
wave is transmitted, since there the incident wave vibrations are per- 
pendicular to the principal plane. Thus, at C the wave vibration is 
.similar to that of the incident light. At a point midway between C 
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j| and D the ordinary and extraordinary wave vibrations are equal, and 

||; Since their phases difl'er by tt, the emergent light is circularly polarised. 

ii The elliptic vibration.s at other points on CD are produced in the 

■; manner indicated liy the construction. 

j, At points on EF the ordinary and extraordinary wave vibrations 

’ ditler by 3^, which is equivalent to a pha.se difference of ir. The 

resultant vibration is rectilinear, inclined to the trace of the principal 
' plane at an angle equal to 180” /mnus the angle of inclination of the 

incident wave vibratioirs. At F and E the resultant vibrations are 
, similar to the incident wave vibrations. At a point midway between 

E and F the resultant vibrations are at right angles to the incident 
wave vibrations. The resultant vibrations at other points on EF may 
be understood from the diagram. 

Let us now suppose that the emergent ligdit is analysed by a 
I Nicol. If the . principal section of the analyser is at right 

I angles to TF (the direction of vibration of the incident light), 

j then the light emerging from points on the straight lines TE 

and TF will be intercepted, and the field of view will be crossed 
: by two black brushes at right angles to each other (Fig. 295). 

^ j; One brush is parallel to the principal section of the poluriser and 

I other to that of the analyser. The light emerging from the 

jl ^^30 be intercepted, as will that from the circles . 

f| corresponding to phase differences of 47r, 6k, Stt, . . . &c. The 

j I light emerging from the middle point of the arc EF is polar- 

perpendicular to the incident light, and will therefore be 

I transmitted by the analyser. Thus, the circle EF, and the 

I I ciicles corresponding to phase differences of 477, 577, 777, . . . will 

I be blight. The point T will thus be surrounded by concentric 

( circles, alternately dark and bright (Fig. 295). 

If the analyser is now rotated through 90°, so that its 
I principal section is parallel to TF, the field of view will be 

crossed by two bright brushes at right angles to each other. It 
IS also easily seen that the circles which were previously bright 
will now be dark, and vz'ce versd (Fig. 295). 

If the incident light is white, the field will be crossed 
I y two lectangular brushes, black or white according as 

I polarising and analysing Nicols are crossed or parallel. 

The bright rings^ corresponding to short wave-lengths will 
possess smaller diameters than those corresponding to longer 
wave-lengths, so that the resultant rings are brightly coloured. 
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Rotating eithei' the analyser or the polariser through go^ 
causes the colour of each ring to change to its comple- 
mentary. In applying reasoning similar to the above to a 
negative crystal cut perpendicular to the axis, the only modifica- 
tion required is that the vibrations parallel to the principal 
plane are transmitted more quickly than those perpendicular 



Nicols Crossed. Nicols Parallel. 

Fig. 29s. — Calcite Rings and Brushes. (From photographs by Mr. W. B. Croft.) 


to it. The resulting rings and brushes are similar in both 
cases. 

Apophyllite Kings. —Apophyllite is a crystallised double silicate of 
potassium and calcium, associated with calcium or potassium fluoride. 
It is remarkable for being positive for one end of the spectrum, negative ■ 
for the other end, and singly refracting for an intermediate colour, 
generally yellow. When examined between crossed Nicols with 
divergent white light, the rings are approximately white and black, a 
slight trace of green being observed inside each black ring. 

Double Refraction due to Strain. — Carefully annealed glass 
possesses identical properties in all directions, and thus does 
not exhibit any of the characteristics of a doubly refracting’ 
substance. ■ If we look at a source of light through crossed 
Nicols, a sheet of unstrained annealed glass introduced between 
them leaves the field dark as before. If, however, the glass 
is strained, either mechanically, by compressing or bend- 
ing it ; or by heating one part and leaving the rest cool, so 
as to produce unequal expansion ; then light is immediately 
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transmitted, and l^eautifnlly coloured curves show the direction 
of the lines of strain. It is found that when glass is uniformly 
extended or compressed, it acts like a doubly refracting crystal 
of which the axis is pai'aHel to the direction of strain. Brewster 
niade artificial crystals by melting together white wax and resin 
in ccpial proportions and compressing a small quantity of the 
cooled mixture between glass plates. The thin film between 
the plates acted like a uniaxal crystal cut perpendicular to the 
axis. A glycerine jujube compressed between glass plates acts 
in a similar manner. 

Dr. Kerr introduced two terminals into holes drilled in a slab 
of glass, and placed the glass between crossed Nicols, so that 
the line joining the terminals was perpendicular to that drawn 
through the centres of the Nicols, and at an angle of 45''' with 
the principal sections of the latter. On connecting the 
terminals to a powerful Wimshurst machine, the field of view 
immediately became coloured, thus proving that there is a 
tension in the glass along the lines of electric force. Dr. Kerr 
also obtained a similar result when the terminals were placed in 
a similar position within a vessel containing carbon bisulphide. 

Quartz cut Perpendicular to the Axis.— When polarised 
light is transmitted along the axis of a crystal of quartz, the 

plane of polarisation is rotated 
(P- 503)- Consequently, if the 
incident light vibrations are pei-- 
forraed parallel to TF (Fig. 294), 
the light emerging from the 
centre of the field near T will in 
general be characterised by 
vibrations inclined to TF, and 
will not be extinguished when 
the Nicols are crossed. Since 
the rotation of the plane of 
polarisation is greater for short 
than for long waves (p. 504), 
the centre of the field will in 
general be coloured. Black 
brushes at right angles to each 
other make their appearance near the outer edge of the field 
(Fig. 296). 
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Let two plates of quartz, cut perpendicular to the axis, and 
exactly similar except that one is right- and the other left-handed 
be superposed and placed between crossed Nicols, the incident 
hght being convergent ; then the rings and brushes seen take the 
form shown in Fig. 297. The centre of the field is now dark 
since the rotations produced by the right- and left-handed plates 
other. As we proceed outwards, the arms of 
the black cross become coloured red on one side, and blue on 



Nicols Crossed. 


Fig. 297.— Airy’s Spirals. (From 

the othei, and curve round spirally. The coloured rings take 
the foi ms of broken arcs of spirals. These effects are termed 
Aliys spiials, from their discoverer. On rotating the polariser, 
or the analyser, through 90°, the bright parts of the field become 
aik, and vice versa j at the same time the colour at any point 
of the field changes to its complementary. 

Circularly Polarised Light : Uniaxal Crystal. —By placing 
a quaiter wave plate (p. 501) between the polarising Nicol and 
the crystal to be examined, the incident light may be polarised 
ciiculaily. The principal plane of the quarter, wave plate must, 
uf course, be inclined to the principal section of the Nicol at 
in angle of 45°. Let us suppose that, looking along the direc- 
don of transmission of the light, the direction of the circular 
dbiations is 1 ight-handed (p- 243)* On looking at the upper sur- 
ace of the crystalline plate to be examined, the vibrations of the 
ncident light will be left-handed, or executed in a direction 
opposite to the motion of the hands of a clock. The circular ■ 

O o 



Nicols Parallel. 

photographs by Mr. W. B. Croft.) 
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Vibrations, on entering the crystal (which as before is suppose 
to be cut perpendicular to the axis), are decomposed into tv 
equal rectilinear vibrations, performed parallel and perpendiciif 
to the principal plane of the crystal. These vibrations m 
respectively transmitted as the extraordinary and ordinal 
waves. If the crystal is positive (p. 491), the extraordinary wax 
IS retarded behind the ordinary wave. Since, looking down 0 
the crystal, the circular vibrations of the incident light are lef 
handed, it follows that on entering the crystal the phase of th 
ore niary wave which emerges at A is behind that of the extn 
ordinary wave by 7r/2. If the inner circle (Fig. 298) marks th 

points on the uppe 
face of the crysti 
where the emergei: 
extraordinary wave ha 
fallen a quarter wave 
length behind th 
ordinary wave, thei 
the 2Dhases of th 
ordinary and extra 
ordinary wave vibra 
tions are equal alonj 
this circle, since tin 
phase difference intro 
duced during trans 
mission just neutra 
lises the original phasi 
difference of the twe 
. 1 . . sets of w'aves. Accord 

ingly, the vibrations are rectilinear, performed along the straigh 
lines marked in Fig. 298, which are inclined at an angle of 45' 
to the traces of the principal planes. If the second circle marki 
the points on the upper face of the crystal where the emergeni 
extiaoidinary wave has fallen half a wave-length behind the 
ordinary wave, then at any point on this circle the vibration 
parallel to the principal plane is behind that perpendicular tc 
the principal plane by 7r/2. The emergent waves are here circu- 
larly polarised, the direction of vibration being the same as that 
of the hands of a clock. 


If the third circle marks the points on the upper face of the 
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outer circles (Fig. 298), cut by the same principal plane The 
vibiations are at right angles to each other. Consequendv if 
the analyser IS arranged so as to intercept the vibratbns from 
a point on the inner circle, those from ,the correspoTdiV p^S 
of the outer circle will be trans- point 

mitted. Proceeding ai'ound 



m 


,j 
J 



either of these circles, the ab- 
solute dix'ection of vibration 
continually changes. If the 
analyser is arranged to intercept 
vilDi-ations parallel to AE, then 
the points D, PI, at the middle 
points of opposite quadrants of 
the inner circle, will be black, 
while the points D, F, at the 
middle points of the remaining 
quadrants, will be brightly 
illuminated. Along the lines 
AE and CG (produced), the 
illumination is practically uni- 

discontinuous, and appear as 
t le poi tions in any two opposite quadrants were contracted 
01 expanded, with respect to those in the remaining quadrants 
(Fig. 299). Using white light as an illuminant, the colour of 
the poition of a ring in one quadrant is complementary to that 
of the portions m the adjoining quadrants. 

In constructing Fig. 298, it was supposed that the crystalline plate 
under examination was positive. If it had been negative! the ordinarv 
wave would have fallen behind the extraordinary L.e during tZI 
mission, and on emergence along the inner circle the phase of the 
oidmary wave would have been ,r behind the extraordinary wave. As 
a consequence, the vibrations along the inner circle would have been at 

0 0 2 


Fig. 299.— Dislocated Rings, due to 
Oircularly Polarised and Plane 
Analysed Light. (From a photo- 
graph by Mr. W. B. Croft.) 
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richt angles to those given in the figure, and points from which the 
vibrations were previously transmitted hy the analyser would now be 
characterised by vibrations which are intercepted, and wee versd. 
Using white light as an illuminant, the colour of each point m the held 
changes to its complementary, when a positive plate is interchanged or 
a negative plate, or vice versd. This gives us a ready means of dis- 
tinguishing between positive and negative crystals. 


Circularly Polarised and Analysed Light : Uniaxal Grys- 

■ta,L The vibrations transmitted normally upward through the 

centre of Fig. 300 are circular, their direction, looking down on 
the crystal, being left-handed, or opposite to that of the hands of 
a clock. Along the circle where the phase retardation of the 
extraordinary behind the ordinary wave amounts to ir, the 
vibrations also are circular, but the direction here is right- 
handed. Along the circle (not shown in the figure) where the 
phase retardation amounts to ctt, the vibrations are circulai 
and left-handed, and so on. Let us suppose that a quarter 
wave plate, say of quartz, is placed above the crystal under 
examination. Each circularly polarised wave on entering the 
quarter wave plate is decomposed into two plane-polansed waves, 
and during transmission the extraordinary wave falls a quartei of 
a wave-length behind the ordinary wave. Let us suppose that the 
axis of the quarter wave plate is parallel to EA (Fig. 298). Then 
the circular vibration from the centre of the figure gives rise to an 
extraordinary vibration, parallel to EA, and an ordinary 
tion, perpendicular to EA, on entering the wave plate. Initially 
the phase of the ordinary vibration is tt/c behind the extra- 
ordinary vibration ; but on leaving the quarter wave plate the 
retardation of the extraordinary wave just compensates this 
phase difference, and the emergent rectilinear vibrations are m 
the same phase ; accordingly, they give rise to a resultant r^ti- 
linear vibration, inclined at an angle of 45” to the direction EA. 

The circular vibrations issuing from points on the crystal, where 
the phase retardation amounts to 27 r, 47r, 677, . . . &c., will also, 
after traversing the quarter wave plate, give rise to rectilinear 
vibrations inclined at 45° to the line EA. The vibrations issuing 
from points where the phase retardation is equal to tt, 

Sir, . . . &c., are circular and right-handed, looking down on 
the crystal. When decomposed into rectilinear vibrations 
on entering the quarter wave plate, the phase ol the extia- 
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ordinary vibration, parallel to EA, will be 71/2 behind the 
ordinary vibration, perpendicular to EA. As the extraordinary 
wave falls a quarter wave-length behind the ordinary wave 
during transmission through the quarter wave plate, the two 
waves differ in phase by tt on emergence, and they consequently 
combine to form a resultant rectilinear vibration, inclined at 
135° to EA. 

If we now analyse the light leaving the quarter wave plate by 
means of a Nicol of which the principal section is inclined at 
45'" to the line EA, the light from 
the centre of the crystal, and 
from the circles where the phase 
retardation amounts to 27 r, 47r, 

6it, . . . &c., will be transmitted, 
whilst that from the circles 
where the phase retardation 
amounts to tt, 37r, Stt, . . . &c., 
will be intercepted. Thus, the. 
field will show a number of rings 
alternately bright and dark, with- 
out the dark brushes produced 
when the light is plane-polarised 
and analysed (Fig. 300). On 
rotating the analysing Nicol 
through 90°, without moving the 
quarter wave plate, the rings previously dark become bright, 
and vice versA. Simultaneously rotating the analysing Nicol 
and quarter wave plate produces no change. 

Divergent Light : Biaxal Crystal. — The refraction of light 
by a biaxal crystal has been considered in the preceding chapter. 
An incident plane wave is decomposed into two plane-polai'ised 
waves in which the vibrations are at right angles to each other, 
and these waves are, in general, transmitted with different 
velocities. When the direction of transmission coincides with 
either of two dhections in the crystal, termed the optic axes, the 
velocities of the two waves are equal. Flence, when divergent 
light is transmitted through a crystal cut perpendicular to the 
bisector of the angle between the optic axes, no phase change is 
introduced between the waves travelling along the optic axes. 
For other directions, the phase change introduced between the 



Fig. 300. — Continuous Rings,, due to 
Circularly Polarised and Circularly 
Analysed Light. (From a photo- 
graph by Mr. W. B. Croft.) 
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polcivised waves varies. We may draw a number of cuives 
around the points on the upper surface of the crystal cut by the 
optic axes, such that the phase difference between the polarised 
waves emerging along each curve is constant. The curves, imme- 
diately surrounding' the end of either optic axis, are oval ; but 
those corresponding to greater phase retardations are drawn 
out so that corresponding curves, surrounding the ends of the 
two axes, tend to meet ; and one curve generally takes the form 
of the figure 8, the two loops surrounding the two ends of the 

axes. Curves cor- 

responding to 
greater phase re- 
tardations approxi- 
mately take the 
form of ellipses sur- 
rounding the ends 
of both axes (Fig. 
301). The form of 
these curves can 
be understood, in 
a general manner, 
by reference to 

the drawing of the biaxal wave surface (Fig, 282, p. 538). 

The directions of vibration in the component polarised waves 
emerging at any point M (Fig. 301) are determined as follows. 
From M draw straight lines MF, MF', to the ends of the optic 
axes. Then the vibrations are respectively parallel and 
perpendicular to the line bisecting the angle FMF' (compare 
p. 545). Thus, to obtain the component vibrations at M, we 
must resolve the incident wave vibrations parallel and perpen- 
dicular to»the bisector of the angle FMF'. 

Let us now suppose that the incident light vibrations are 
parallel to the plane containing the optic axes, or in the direction 
BOA. Then along the line BOA the only vibrations emerging 
from the crystal are in the direction BOA. Along the line 
UOC the only vibrations emerging from the crystal will be 
perpendicular to DOC, or parallel to BOA. Thus, if the 
analysing Nicol intercepts vibrations parallel to BOA {l.e. if 
the polariser and analyser are crossed), there will be a black 
cross in the field, one arm being along BOA, and the other 
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along DOC (Fig. 302). The coloured rings formed in the 
remainder of the field can be explained in a manner essentially 
similar to that described with 
respect to uniaxal crystals (p. 

556). If the analyser is rotated 
through 90°, the black cross is 
replaced by a white cross, and 
the colour of each ring changes 
to its complementary. When 
the Nicols are crossed, and the 

nlnnp rnnininino- Htp nvpq nf 302- —lyings .-ind Brushes due to 

plane coniammg tne axes or ^ photograph by 

the biaxal crystal makes ah Mr. w. B. Croft.) 

angle of 45° with the principal 

section of the polariser {i.e. the incident light vibrations make 
an angle of 45° with the line BOA, Fig. 301), the black brushes 
take the forms of hyperbolic curves, one passing through the end 
of each optic axis (Fig. 302). 

When a biaxal crystal, cut perpendicular to one of the optic 

axes, is placed between crossed 
Nicols and examined by diver- 
gent light, coloured rings 
similar to those due to a 
uniaxal crystal are produced. 
There is, however, only a single 
black brush crossing the field ; 

Fig. 303.~Rings and Brushes due to brush • corresponds tO the 

Nitre. single brush crossing each of the 

“eyes” in Figs. 302 and 303. 

Apparatus. — The rings and brushes due to uniaxal crystals, 
and some biaxal crystals, can be observed by placing the 
crystal, cut in a suitable direction, between crossed tour- 
malines, and looking through the combination at a bright 
cloud. For this purpose 
tourmalines may be con- 
veniently mounted on wire IL / 

supports (Fig. 304), in which ^ss**^'*'*^ ^^''****^^^ 

form they are termed tour- t- 

,. , riG. 304.— iourmaline Forceps. 

mahfie forceps. Each tour- 
maline can be rotated independently. To observe the black 
brushes, rotate one tourmaline till it intercepts the light trans- 


Fig. 303. — Rings and Brushes due to 
Nitre. 


Fig. 304.— Tourmaline Forceps. 
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mitted by the other, and then insert the crystal. Ferrocyanidc 
of potassium is a uniaxal crystal crystallising in tablets which 
cleave perpendicular to the optic axis, so that a ciystal can, by 
trial, easily be split down to a requisite thickness, and no gi inding 
or polishing is needed. Mica is a biaxal crystal which cleaves 
perpendicular to the bisector of the angle between the optic 
axes, and may be used to exhibit the rings and blushes of 
biaxal crystals. In different samples of mica the angle 
between the optic axes varies considerably ; some specimens of 
mica act almost as uniaxal crystals. When the angle between 
the axes is great, the “eyes "can only be seen separately by 
looking obliquely through the tourmalines with the mica 
between them. 


Fig. 305 represents a more elaborate piece of apparatus designed by 
Mr. Lewis Wright,’- for observing and projecting polarisation effects. 



Fig. 305. — Apparatus for projecting Rings and Brushes. 


PN is the polarising Nicol ; after traversing this, light is converged by 
the lens system F, and is finally brought to a focus on the crystal by 
the lenses mounted on the slide-holder C. The latter fits on the 
nozzle of F, and the crystal is held by the small spring shown. The 
light then traverses a series of lenses forming an objective, and an image 
of the rings and brushes is formed at the second principal focus of this 
objective ; this is due to the circumstance that the interfering rays O 
and E (Fig. 293, p. 555) are parallel, and are brought to a focus in the 
second focal plane of the objective. The lenses H and K focus the rings 
on a screen, the rays crossing each other in the analysing Nicol AN. 

Determination of the Angle between the Axes of a Biaxal 
Crystal.— “Fig. 306 represents a piece of apparatus which may 

1 Light, Le-wis Wright, p. 249 (Macmillan). 
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lie used for this purpose. Light is polarised by reflection from 
the sheet of black glass AA (or the glass may be removed, and 
a Nicol used as polariser), and is then focussed, by a lens B, 
on the crystal supported in the slide-holder K. Another lens, 
C, forms an image of the rings and brushes at F, which can be 
viewed through an eye-piece lens, D, and an analysing Nicol, T. 
The biaxal crystal is mounted on K, so that the two “ eyes ” (Figs. 
302 and 303) appear in the same vertical line. The slide-holder 


M 




Fig. 306.— Apparatus for determining the Angle between the Axes of a Crystal. 


is then rotated about a horizontal axis till one “ eye ” appears in 
the middle of the field of view, and the position of the vernier N 
is noted. The slide-holder is then rotated till the other “ eye ” 
occupies the centre of the field of viewj and the position of the 
vernier is again observed. The difference between the two 
vernier readings gives the “apparent” angle between the optic 
axes. If the crystal is surrounded with a liquid in which the 
velocity of light is equal to the wave velocity along the optic 
axes of the crystal, the true angle between the optic axes may 
be directly observed. 

Dispersion of the Optic Axes. — In the majority of biaxal 







light for students 


CHAP. 


crystals the optic axes have different directions for different 
wave-lene-ths of light. In brookite and chrysoberyl the optic 
axes for rays from opposite ends of the spectrum, he m planes 
auSdrt angles to each other. If the system of rings produced 
by these crystals are examined by monochromatic light, as 
Lie wave-length of the light is continuously varied the eyes 
draw nearer to each other, until for a certain wave-leng h the 
rings and brushes resemble those of a uniaxal crystal.^ On still 
further varying the wave-length, the “ eyes” separate in a dnec- 
tion at right angles to that first observed. , i , i „ 

Mitscherlich’s Experiment.— In most biaxal crystals^! 
inclination of the optic axes varies with the temperatme. Ih 
rinc-s and Inaishes of selenite undergo an interesting change as 
the" temperature is raised. At first the eyes draw nearer o 
each other, until they coalesce into a single set of rings,_ similai 
to those characteristic of a uniaxal crystal. On raising the 
temperature still farther, the eyes separate in a direction at 
light angles to that first observed. On cooling, the axes genei- 
ally return to their original directions. On cooling after long- 
continued heating, however, the crystal may return only to the 
uniaxal stage. Accordingly, when selenite crystals, possessing 
the properties of uniaxal crystals, are found in rocks, we may 
infer that these rocks have suffered prolonged heating at some 
previous time. 


Questions on Chapter XX 

1 Explain the coloration produced in parallel light by thin crys- 
talline plates placed between the polariser and the analyser ol a 

polariscope. (Lond. B.Sc. Pass, 1899-) j 1 , 

2 Give a general explanation of the optical phenomena, displayed by 

a thin plate of a uniaxal crystal, cut perpendicular to the “is when 
viewed in convergent light between crossed Nicol s ^ ^ • 

3. Describe, in a general manner, the formation of the rings and 
brushes seen when convergent light, traversing a plate of crystal, 

viewed between crossed Nicols. , , 

Draw a careful diagram of the path of the rays throng e ense 

of a polariscope arranged to show this. (IL 1897.) „,,vnllel 

4. Describe and explain the appearance seen when a thin 

slice of quartz, cut so that the crystalline axis is normal to the surface, 
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viewed between crossed tourmalines held close to the eye, [a] by white 
light, {l>) by the light of a sodium flame. (Lond. B. Sc. Plons. 1898.) 

5. A plate of uniaxal crystal, cut with the faces perpendicular to the 
axis, is placed between a polariser and an analyser. How would you 
arrange a source of light and lenses to show a system of rings on a screen ? 

Explain how the rings are formed when the polariser and analyser 
are crossed. (Lond. B.Sc. lions. 1S95.) 

6. Flow thick should a quarter wave plate of selenite be if cleaved 
parallel to the plane containing the optic axis ? The principal refractive 
indices of selenite may be taken as 1‘530, i‘523, i'52i, for light of 
wave-length '00006 cm. (li., I., 1901.) 

7. Give an account of experiments which have been made on the 
effect of electric stress, upon a beam of polarised light, traversing the 
dielectric between two conductors at different potentials. (H. 1896.) 

Practical 

1. Arrange the polariscope so as to exhibit the characteristic rings 
and brushes of the specimens of nitre and calc-spar given you. (Lond. 
B.Sc. Pass, 1899.) 

2. With the mica supplied, construct a quarter wave plate for sodium 

light. (PL 1897.) 

3. Examine by means of a tourmaline polariscope the crystals supplied 

to you ; describe what you see, and state the inferences you draw. (PL 
1893.) _ 

4. A specimen of a crystal placed in convergent light between 
crossed Nicols is exhibited to you under such conditions that its tem- 
perature can be altered, the coloured bands produced being projected 
on a screen. Describe the phenomena you observe, before, during, and 
after the heating of the crystal, and state what conclusions you draw 
from them, (PL 1894.) 
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ANSWERS TO QUESTIONS 


CHAI’TISR I (p. 20) 

be recHnmllir^ screen is dose to the mirror, the illuminated patch Mdll 
e ectangulai ; when it is at some distance from the mirror, an ima-e 
of he sun will be formed. The effect is very much the sanrS 

Chapter III (pp, 80-82) 

2. Raised by J of its true distance below the surface. 

9 - Angles of prism, 60°, 60'’, and 60°. 

10. = -32'2 mm. 

13. V = -4 '8 ins. ; length of image = 3 ins. 

14. (a) v= - 207 cms. ; length of image = 0-345 cm. 

[oj Image is depressed by 3 -4 cms. 

15 - Focal length in water : focal length in air = 4:1 
1 7 - («) See also p. 446. 


19 - («) + 16 ins. from concave lens, (/i) + 90 ins. from convex lens 
20. The second nrincmnl fm^nc fu., 1 ... 

fays jJ 



mi , ^ 1- yu ins. irom convex lens 

20. The second principal focus of the lens facing the incident ravs 
mst coincide with the first principal focus of the other lens. 

_ Chapter IV (pp. 107-109) 

2. /X = ^2. V ' 2 S^ 

3 - The limiting angle of the prism is such that the ray is incident T 
erna y on the second face at the critical angle. Thus " ? 'St 


= sin~ 1 ( - 




6. For (2), see p. 210. 

10. = -r^' = 30 cms.; F = - ig-i cms. 

13- / = 78-9 cms.; F - 136..; cms. 

15 - I -fi- 
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ANSWERS TO QUESTIONS 


Chapter VII (pp. 157-158) 

6. There is no such point, since in general the principal points of 
the lens combination do not coincide. (Compare Question 10. ) 

9. 3 "94 sq. mm. 

f\f'i . o _ fifi 

A "I'/j + A + A + Ji +J» + (i 


10. F 


Chapter IX (p. 198) 

I- (<*) ~ S dioptres ; (/;) + 20 cms. 

2. 20/6. 

3. II. 

Chapter X (p. 218) 

I. o‘55 inch beyond objective. 

3. If the telescope is adjusted for tlie normal eye at rest, magnifica- 
tion = 23. 

6. If the telescope is adjusted for the normal eye at rest, focal lengtli 
of eye-piece = 072 inch nearly. 

7. If distance of distinct vision = 10 iiTs., and microscope is adjusted' 
to give maximum magnification, object must be placed i-i4 ins. 
(nearly) beyond objective. 


5- 


Chapter XIII 
See also p. 446. 


(pp. 328-329) 


7 - 


Chapter XVI (pp. 425-426) 

Use formulae — 


R = 


2^5 cos r = n\. 
5 = D'-i/SR. 

N ^3 X I X 10’' 

Tx 3 X 589 = 


Chapter XVII (pp. 469-470) 

5. See p. 446. Points remote from the axis, with respect to which 
the convergent wave surface comprises any odd number of half-neriod 
elements, will be bright. (Compare p. 439.) 


18. 


Chapter XVIII (pp. 

o'oor62 cm. 


509-51 1) 


Chapter XX (pp. 570-571) 

» ^00006 

~ 4 X (i‘53o~- 1-5^) cm. 
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{Names of fiersons are printed in italics. ) 


Abbe, Prof., 78, g8, 204, 448 
Aberration of light, 221 
Aberration, chromatic, 94 
Aberration, spherical, of mirror, 4r, 123 ; 

— of lens, 77 
Abney, Sir IV., 345 
Absorption, 338, 379 
Accommodation, 168 

Acljromatic combination of prisms, 93 ; 

— of lenses, 95 

Achromatic eye-piece, loi, 210 ; — micro- 
scope objective, 98 ; — telescope objective, 

96 — interference fringes, 399 
Actinium, 374 
^olotropic, 512 
Airy’s spirals, 561 
Ametropic, 167 
Amyl-acetate lamp, 13 
Angle of minimum deviation, 56, 103, 310 
Angle of prism, 88 
Anomalous dispersion, 380 
Antinode, 265, 424 
Aperture, 42, 77, 97, 447 
Aphakia, 186, 190 
Aplanatic foci, 42, 77 
Apophyllite, 559 
Aqueous humour, 160 
Arago, 226, 441 
Arons, 333 
Aschkinass, 347 
Astigmatic pencil, 125, 128 
Astigmatism, 185, 190 
Axis of lens, 28 ; — of eye, 160 ; — of crj'stal, 

485, 490, 546 


Bartholimis, Erasmus, 4S5 
Becquerel, 366, 381 
Becqtiercl rays, 374 
Biaxal crystal, 498, 538, 565 
Bidivetl, S., 172 
Billet, 400 


Nfti 473, 499 

Birpnsin fringes, 394, 434 

Blind spot, 181 

Bolometer, 344 

Boscovich, 210 

Bougner, 10 

Bradley, 222 

Breroster, 422, 489, 499 

BreivstersXKw, 474, 519, 521 

Brightness of object, 19 ; — of image, 41, 79 

Bunsen, ri, 331 

Butler, C. P., 336, 341, 343 

Cnlcite, 485, 487, 489, 495, 559 
Calorescence, 368 

Cardinal points of lens, 147 ; — of lens 
system, 14S ; — of eye, 151 
Cassegrain, 217 

Caustic formed by reflection, 122, 300 ; 

— formed by refraction, 126 
Centre of curvature, 27 
Centrifugal force, 250 
Chant, Prof, 323, 395 
Christiansen, 3S0 • 

Chi-omalic aberration, 94 
Circle of least confusion, 125, 128 
Circular measure, 15 
Circular motion, 242, 249 
Circular polarisation, 499, 502, 524 
Clay, Dr., 148 
Coddington, 198 
Colour, 84 ; — of the sky, 481 
Colour photography, 423 
Colours of thin films, 402 ; — of crystalline 
plates, 550 
Comets’ tails, 364 
Concave grating, 459 
Condenser, 216 

Conjugate foci, 33, 62, 68, 113, 315 
Continuous spectrum, 334, 337 
Convergent lens, 70, 315 
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INDEX 


Cornea, 159, 160, 186 
Cornu, 225, 228, 232 
Corpuscular theory, 233 
Critical angle, 306 

Croft, W. B., 433, 436, 440, 441, 559, 560, 

561, 563, 56s, 567 

Crookes, Sir IF., 331, 362 
Crossed lens, 133 
Crystalline lens, 159, 164 
Ciystals, positive and negative, 491 ; bi- 
axal — , 498, 538, 565 
Curie, Madame, 374 

Curvature, centre of, 27 ; measurement 
of — , 1 16, 1 19 ; radius of—, 28, 59 
Curvature of image, 126, 129 


Dale, 385 

Deflections, measurement of, 27 
Delisle, 441 

Density, optical, 8, 283, 384 
Deslandres, 357 . . 

Deviation 56, 309 ; angle of mtnimum — , 
56, 103, 310 
Deiuar, 368, 386 
Diffraction, 428, etc. 

Diffraction grating, 448, 459 ; dispersive 
power of — , 454 ; resolving power of — , 

Dioptre, 74 

Dispersion, 83, 316 ; anomalous — , 380; 
theory of — , 375 

Dispersive power of medium, 92 ; — of 
grating, 454 

Distortion of image, 129 

Distribution of energy in spectrum, 349 

Divergent lens, 70 

Bonders, 155 

Doppler effect, 350, 357 

Double image prism, 497 

Double refraction, 485 

Drude, 385 


Echelon grating, 466 
Edser, 419 
Elasticity, 267 

Elastic solid, 266, 269, 513, 527, 548 
Electron, 337_ 

Elliptic polarisation, 499, 502, 524 
Emmetropic eye, 167 
Encke' s comet, 327 

Energy, potential, 252, 268, 275, 282 ; 

kinetic — , 252, 274, 282 
Equivalent lens, 74, 158 
Ether, luminiferous, 286, 325, 513 
External conical refraction, 544 
Eye, 159 ; cardinal points of — , 151 ; opti- 
cal system of — , 149 ; schematic — , 154 
Eye-lens, 199, 205 
Eye-piece, loi, 205, 208 


Far point, 170 
Field-lens, 204 


Fitzgerald, 364 
Fizeau, 224, 226 
Fluorescence, 364, 37r, 372, 383 
Fluted spectrum, 334, 3 -fh , 3 ‘V^ 

Focal distances of refracting surface, (13 ; 

— of thin lens, 69; — of tliick lens, 138 
Focal length of mirror, 33 ; — of lens, Cnj 
Focal lines, 124, 127, 301 
Foci, aijlanatic, 42, 77 ; conjugate — , 33, 
62 ; principal — , 62, 68 
Forbes, 225 

Foucault, 98, 226, 227, 231 
Fovea centralis, 178 
Fraunhofer, 92, 340 

Fresnel, 322, 327, 394, 504, 512, 547, etc, 

Fresnels rhomb, 523 

Fresnels 'ftawa surface, 531, 536, elc. 


Galileo, 200, 219 
Gauss, 147 
Gladstone, 385 
Glazebrook, 493, 494, 547 
Grease-spot priotonielur, 1 1 
Green, 527, 541 
Gregory, 216 
Gr^ith, 342 


Hadley, 212 

Half-period zones, 2S9 

Half-shade, 507 

Half-wave plate, 508 

Harcourt, Vernon, 13 

Harmonic motion, 240, 250, etc. 

Hefner- Alteneck, 13 

Helmholtz, 161, 164, 169, 183, 376 

Herschel, 96, 216 

Homogeneous immersion, 78, 448 

Huggins, Sir IF. , 355 

Huyghejis, 207, 208, z88, 489, 493, etc. 

Huyghens' s zones, 288 

Hypermetropia, 183, 188, 195 


Illumination, oblique, 17 
Image, 22 ; graphic determination of — , 
35,. 64, 71, 143 — in concave mirror, 31 ; 
— in convex mirror, 32, 35 ; — in plane 
mirror, 22 ; — in plane refracting sur- 
face, 53 ; — in spherical refracting sur- 
face, 64 ; — i^in leps, 71 ; curvature of — , 
129, 131 ; distortion of — , 131 
Images in two inclined mirrors, 24 ; — in 
two parallel mirrors, 26 
Index of refraction, 8, 49, 305 
Infra-red rays, wave-length of, 464 
Infra-red spectrum, 344 
Insolation, 366 
Intensity, 516 
Interference, 317, 389, etc. 

Interferometer, Michelson’s, 418; famins 
— , 422 

Internal conical refraction, 540 


INDEX 


Internal reflection, 50, 306 
Intrinsic luminosity, 17 
Inverse square law, 9, 277 
Irradiation, 177 
Isotropic, S12 


Jacob's membrane, 173 
Jamin, 422 
J axial, 162 
Joly, 12 


Kathode rays,. 370 
Keeler, 357 
Kellner, 205 

Kelvin, Lord, 328, 350, 383, 54S 
Kerr, Dr., 560 
Ketteler, 376 
Kinetic energy, 273, 282 
Kirchhoff, 339, 379, 387 
Kundt, 380, 385 


I abile ether, 549 
Langley, 344, 464,^ etc. 

Laurent's sacchavimeter, 307 
Lebedew, 362 
Lenard, 371, 

Lens, 66 ; convergent or divergent — , 70 ; 
crossed — , 133 ; equivalent — , 74 ; — 
combinations, 113 ; focal length of — , 
6g, III ; thick — , 113, 133 
Light, velocity of, 219 ; mechanical pres- 
sure of — , 361 ; standards of — , 12 
Line spectrum, 330, 334, 336 
Lijpmann, 423 
Listing, 147, 134 
Lloyd, Dr., 397, 341, 344 
Lodge, Dr., 233 
Lorcniz and Lorenz, 386 
Luminiferous ether, 286, 323 
Luminosity, intrinsic, 17 ; — of image, 40, 
79 ; visual estimate of — , ig 
Lunimer, 333 


MacCullagh, 324 
Macula lutea, 17S 
Magic lantern, 213 

Magnification, due to mirror, 38 ; — due 
to refracting surface, 65 ; — due to thin 
lens, 72, 113; — due to thick lens, 144, 
147 ; — due to spectacles, igo ; — due to 
telescope, 200 ; — due to microscope, 203 
Magnifying glass, ig6' 

Mains, 487 
Mascart, 493 
Maxwell, 336, 361 
Mercury lamp, 333 

Metallic reflection and refraction, 384-3 
Methven, 13 

Metre in terms of wave-lengths, 421 
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Mica, 554, 56S 

Mickelson, 229, 232, 336, 418, 422, 466 
Micro-millimetre, 331 
Micron, 331 

Microscope, 197, 202, 448, 458 
Minimum deviation, 36, 103, 310 
Mirror, 21 ; plane — , 21 ; spherical — , 27 ; 
axis of — , 28 ; pole of — , 27 ; principal 
section-of — , 27 ; ellipsoidal — , 42 ; para- 
boloidal — , 43 • 

Mitscherlich, 370 
Monkiweven, 336 
Multiple reflections, 23 
Myopia, 185, 1B7, 193 


Near point, 170 
Newcomb, 232 

Newton, 84, 235, 288, 341, 404 
Newton's rings, 40S 
iVzcoA prism, 493 

Nodal points, 144 ; experiinental deter- 
mination of — , 148 ; — of eye, 133 
Nodes, 264 
Normal spectrum, 451 


Objective, telescope, 96, igg ', micro- 
scope — , g8, 264 ; photographic — , 214 
Opacity, 6 
Ophthalmometer, 161 
Ophthalmoscope, 183 
Optic axes of crystal, 538, 568 


Paschen, 347 

Pencil, 3 ; astigmatic — , 123 ; oblique 
centric — , 125 ; excentric — , 129 
Pendulum, 253 
Pentane standard, 13 
Penumbra, 4 
Periodic motion, 239 
Persistence of vision, 176 
Phakoscope, 169 
Phase, 259 

Phase change on reflection, 283, 39S, 484 

Phosphorescence, 365 

Phosphoroscope, 366 

Photographic objective, 214 

Photometry, 10 

Pile of plates, 476 

Pin-hole camera, 3, 440 

Poggendorff, 27 

Poisson, 412, 441 

Polarisation, 324, 471 ; — by reflection, 471, 
475, 521 ; — by double refraction, 486 ; 
elliptic and circular — , 499, 502 
Polariscope, 473 

Polarised light, direction of displacement 
in, 477. .484 

Pole of mirror, 27 ; — of wave surface, 428 
Polonium, 374 

Potential enei'gy, 252, 268, 273, 282 
P P 
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INDEX 


Power of lens, 74 
Presbyopia. 170, 189, 195 
Principal foci, of surface, 62 ; — of thin lens, 
68 ; — of thick lens, 138 
Principal focus of mirror, 33 
Principal plane, 36, 64, 71 
Principal planes of thick lens, 138, 141 
Principal points, 113, 138, 140; — of eye, 
152 

Pringshebn, 336 

Prism, 52 ; angle of — , 88 ; totally reflecting 

— , Sa . 

Punctum, proxtmum,- 170 ; — remotum, 156 
Purkmje's figures, 174 


Quarter-wave plate, 501 
Quartz, 491, 495, 503, 560 


Radian, 15 
Radiation, 337 
Radium, 374 

Radius of curvature, 28, S9, 116 
Rainbows, loi 
Ramsden, 206, 208 
Ray, 3, 293 

Rayleigh, Lord, 132, 414, 445, 447, 476, 
4S1, 482, 527, 548, etc. . 

Real image, 31 
Reduced eye, 154 

Reflection, 6, 293 ; — at plane surface, 22, 
296 ; — at spherical surface, 30, 297 ; 
diffusive — , 7 ; oblique centric — j 125 ; 
total internal —, 50, 306, 521 ; selective—, 
.p, 383 . 

Reflections, multiple, 23 
Refraction, 7, 46, 311 ; — at plane surface, 
461 53) 302, 312 ; — at spherical surface, 
59> 313 1 — through a plate, 47 ; — through 
a prism, 55, 308 ; — through a lens, 67, 
315 ; oblique centric — , iz8 ; double —, 
485 ; conical — , §40, 544 
Refractive equivalents, 385 ; — inde.\-, 45, 
„S4, S7> 90; 305 
Retch, -ygi. ' 

Reinold, 422 
Residual rays, 384 

Resolving power of optical instruments, 
446 ; — of grating, 455 
Retina, 160, 173 
Reversibility of rays, 46, 413 
Richter, 331 
Rigidity, 267 

Rings and brushes, 559-568 
Rods and cones, 173, 179 
Rotner, 219 
Rontgen, 369 

Rotation of plane polarisation, 503 

Rowland, 461 

Rubens, 347, 382,, 384, 464 

Riickcr, 423 

Rtimjord, ii 


Saccharimeter, 507 
Saturn’s rings, 355 
Scattering of light, 479 
Schematic eye, 154 
SchiiStz, 162 
Schirjncr, 20 

Selective absorption, 338, 379 ; — reflec- 
■ tion, 384 
Selenite, ,553 
Sclhncier, 375 
Senior, 425 
Sextant, 212 

Shadows, 3, 431, 433, 441 
Shear, 267 

Signs, conventions as to, 28 • 

Sine, 29 

Sky, colour of, 481 
Snell, 8 

Solar spectrum, 340 distribution of energy 
in — , 349 
Solid angle, 15 
Spectacles, 187 

Spectrometer, 86 ; adjustment of —, 88 ; 
calibration of — , 331 

Spectrum, visible, 83, 330; pure — , 85; 

infra-red — ,345-; ultra-violet — j 343 . 

Spherical aberration, of mirror, 41, 123 ; — 
of lens, 77 ; methods of minimising — , 132 
Spherometer, 118 
Standard candle, 12 
Stanhope, 198 
Stansfielct, H., 419 

Stellar motion in line of sight, 355 ; — 
spectra, 342 
Stewart, 387 

Stokes, SirG., 328, 364, 365, 413, 493, etc. 
.Strain, 266 ; compressional — , 266 ; shear- 
ing — , 267 
Stress, z66 
Stroboscope, 177 
Sulzer, 169 * 


Tele.scope, reflecting, 216 ; refracting — , 
199; astronomical — , 199 ; teirestrial — , 
201 ; Galileo's — , 200 
Tenth-metre, 331 
Thick lenses, 113 
Toepler, 99 

Total internal reflection, 50, 306, 411, 521 
Tourmaline, 324, 3B6, 474, 498 
Tourmaline forceps, 567 
Transparency, 6 

Transverse waves, 259, 269, 278, 325, etc. 
Tyndall, 347, 368, 4S1 


Ultra-violet spectrum, 343 
Umbra, 4 

Uniaxal crystal, 491, 546) 555 


Vector, 237 

Velocity of light, 219-232; —m water, 228 
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Velocity of transverse waves, 271 
Vibrating particles, 277, 337, 382 
Vibrations, 237 ; forced — , 254 
Vincent, Dr., 318, 398 
Violle, IS 
Virtual image, 22 
Visual purple, 181 
Vitreous humour, 160 


Wave-length, 2S9 

Wave-length determinations, 391, 39s, 410, 
422, 452, 458, 463, 464 
Wave train, 259 ; — motion, 257 ; — 
velocity, 271, 278 

Wave surface, uniaxal, 491 ; biaxal — , 537 
Waves, stationary, 263 ; transverse 259, 
269, 27S, 324 


Wave theory of light, 286 

Weber, 20 

Wiener, 482 

Wilson, 54, 87, 396 

Wollaston, igB, 493, 497 

Wood, R. W., 99, 300, 380, 385, 444, 44S 

Wrigiit, L., 568 


X rays, 369, 377 

Yellow spot, 178 
Youn^ and Forbes, 225 
Young, Dr., 327, 411 

Zone plate, 442 
Zones, Huyghens's, 2B8 


THE END 


E. CLAY AND SONS, LTD., BREAD ST. HILL, E.C., AND BUNCAY, SUFFOLK. 
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ADVANCED STUDENTS. By Chapman Jones, F.I.C., F.C.S. es. 6 ft. 

THE JUNIOR COURSE OF PRACTICAL CHEM- 

-ers 

ORGANIC CHEMISTRY. 

ORGANIC CHEMISTRY FOR BEGINNERS. By 

G. S. Turpin, M.A., D.Sc. is. 6 d. ^ 

ORGANIC CHEMISTRY. By Prof. Ira Remsen. 

6 j . 6cl. 

PRACTICAL ORGANIC CHEMISTRY FOR Ad- 
vanced students. By J. B. Cohen, Ph.D. 3^.614' 

THEORETICAL ORGANIC CHEMISTRY. By T. B. 

Cohen, Ph.D. 6 s. ^ 

XII.-GEOLOGY. 

GEOLOGY FOR BEGINNERS. By W W Watts 
XIV.-HUMAN PHYSIOLOGY. 

PHYSIOLOGY FOR BEGINNERS. By Sir Michael 

Fostpr and Dr. L. E. Shore, is. 6 d. 

LESSONS IN ELEMENTARY PHYSIOLOGY. By 

the Right Hon. T. H. Huxley, F.R. S. 4J. 6 d. Questions, ij. 6 d. 
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SCIENCE CLASS BOOKS. 

Adapted to- the South Kensington Syllabuses. % 

XV.-GENERAL BIOLOGY. 

AN INTRODUCTION TO NATURE STUDY. By 

Ernest Stenhouse, U.Sc. 3^. 6d. 

XVI. -ZOOLOGY. 

A MANUAL IN ZOOLOGY. By the late T. Jeffrey 

Parker. D.Sc., F.R.S., and W. A. Haswell, M.A., D.Sc., F.R.S. Ulus- 

XVIl-BOTANY. 

BOTANY FOR BEGINNERS. By Ernest Ev.\ns, 

Burnlev Technical School. Second Edition. 2,?. 6ii. 

LESSONS IN ELEMENTARY BOTANY. By Prof. 

D. Oliver. 4^. Sd. 

XVIIL— PRINCIPLES OF MINING. 

COAL MINING FOR BEGINNERS. By Morgan 

W. Davies, M.l.M.E. Un Preparation. 

XIX.-METALLURGY. 

A TEXT-BOOK OF ELEMEN'FARY METALLURGY. 

By A. H. HroiiNS, Principal of the School of Metallurgy, Birmingham and 
Midland In.-titute. 3s. Questions, ij. 

MKTALLOGRAPHY. An Introduction to the Study of 

the Structure of Metals, chiefly by the aid of the Microscope. By A. H. 
Hiorns, 6s. 

XXII.- STEAM. 

STEAM, GAS, AND OIL ENGINES. By Prof. J. Perry, 

F.R.S. ys. 6d. net. 

XXIIL- PHYSIOGRAPHY. 

EXPERIMENTAL SCIENCE (Section I. PHYSIO- 

GRAPHY). By Prof R. A. GREGOnvand A. T. Simmons, B.Sc. 2j. 6Y. 

PHYSIOGRAPHY FOR BEGINNERS. By A. T. 

Simmons, B.Sc. 2s. 6d. 

PHYSIOGRAPHY FOR ADVANCED STUDENTS. 

By A. T. Simmons, B.Sc. 

ELEMENTARY LESSONS IN ASTRONOMY. By 

Sir Norman Lockyek. New Edition, ss. Set. This Book contains all ihe 
Astronomy required for the Advanced and Honours, South Kensington 
Syllabuses. 

XXIV.— THE PRINCIPLES OF AGRICULTURE. 

ELEMENTARY LESSONS IN THE SCIENCE OF 

AGRICULTURAL PRACTICE. By H. Tanner, F.C.S. 3^- 

XXV.-HYGIENE. 

HYGIENE FOR BEGINNERS. By E. S. Reynolds, 

M.D. 2S. 6d. 

EXPERIMENTAL HYGIENE (Section L). By 

A. T. SiMMON.s, B.Sc., and E. Stenhouse, B.Sc. 24- 6d. 

HYGIENE FOR STUDENTS. By E. F. Willoughby, 

M.B. New and RevLsed Edition, .^s. 6d. 
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